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PART  I 

ISC  C  Session  1 — Representations  of 
Energy  Sources  in  the  Earth's  Upper 
Atmosphere  and  Ionosphere 

SECTION  1 

Energy  Sources  of  Solar  Origin 
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ABSTRACT 

-3 

The  earth's  magnetosphere  absorbs  only  a  minor  fraction  (e» 10  )  of  the  Incident 

solar  wind  energy.  Variations  of  the  solar  wind  can  often  cause  lively  reactions 
in  the  earth's  close  environment.  However,  the  physical  mechanisms  involved  are 
not  yet  understood.  It  appears  now  that  the  combined  action  of  the  solar  wind 
momentum  flux,  the  direction  of  the  Interplanetary  magnetic  field  as  well  as  its 
fluctuations  might  play  the  dominant  role.  The  behaviour  of  these  parameters  is 
governed  in  some  characteristic  way  by  the  solar  wind  stream  structure  which  re¬ 
flects  the  condition  of  the  solar  corona  and  its  magnetic  field  topology.  Tran¬ 
sients  in  the  sun's  atmosphere  associated  with  solar  activity  cause  reactions  in 
the  Interplanetary  medium  which  also  show  some  typical,  though  very  different, 
signatures.  Taking  into  account  the  interdependence  of  the  solar  wind  parameters 
in  context  with  the  underlying  solar  phenomena,  we  may  be  able  to  pinpoint  the 
mechanism  which  controls  the  action  of  the  solar  wind  on  the  magnetosphere. 

INTRODUCTION 

The  possible  col  relations  between  certain  phenomena  on  the  earth,  e.g.  geomagnetic 
activity  and  aurorae,  and  processes  on  the  sun  have  long  attracted  the  attention 
of  scientists.  However,  even  today  we  are  still  far  from  knowing  all  the  links  of 
the  long  chain  of  reactions  through  which  energy  other  than  radiation  is  carried 
from  the  sun's  atmosphere  onto  the  earth.  These  ideas  have  originally  been  stimu¬ 
lated  by  the  early  finding  of  recurrencies  in  geomagnetic  disturbances  following 
the  rhythm  of  the  sun's  27  day  rotation.  (For  a  historical  review  and  further  re¬ 
ferences,  see  Wilcox  [1],  Burlaga  and  Lepplng  [2]). 

Today  we  know  that  the  main  agent  in  this  chain  is  the  solar  wind.  In  1932 
Bartels  [3]  had  already  argued  that  geomagnetic  disturbances  might  be  caused  by 
stationary,  though  isolated,  particle  streams  ejected  from  the  rotating  sun.  These 
stationary  sources,  which  he  called  M-regions,  were  thought  to  be  associated  more 
or  less  with  active  regions  on  the  sun.  Although  the  solar  wind  was  finally  found 
to  be  a  continuous  flow  of  ionized  gas,  Bartels’  idea  was  partly  confirmed  in  that 
the  solar  wind  is  highly  structured  and  geomagnetic  effects  are  well  correlated 
with  stationary  corotating  fast  streams  imbedded  in  slower  plasma  (Snyder  et  al 
[4] .  Even  the  M-reglon  concept  could  be  verified  when  the  solar  sources  of  those 
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streams  were  finally  Identified:  Noel  [5]  and  Krleger  et  al  [6]  were  the  first  to 
argue  that  regions  of  diminished  brightness  at  X  ray  and  EUV  wavelengths  (so- 
called  coronal  holes)  in  the  solar  corona  are  the  sources  of  high-speed  solar 
wind  streams.  Neupert  and  Plzzo  [7]  found  a  direct  correlation  between  coronal 
holes  and  recurrent  geomagnetic  disturbances  (For  more  information  see  Zlrker 
[8]).  The  Skylab  era  finished  a  longlastlng  controversary  (see  Neupert  and  Plzzo 
[7])  whether  the  M-regions  are  tied  to  active  regions  or  not:  Coronal  holes  are 
features  typical  of  the  quiet  sun,  not  of  the  active  sun.  This  is  the  reason  for 
the  well-known  fact  that  recurrent  geomagnetic  disturbances  are  found  mainly  du¬ 
ring  times  around  the  minima  in  the  solar  activity  cycles  (Sheeley  et  al  [9] 

[10]).  However,  even  more  dramatic  geomagnetic  effects  are  caused  by  active  re¬ 
gions  on  the  sun.  The  major  magnetic  storms  especially  can  often  be  uniquely  asso¬ 
ciated  with  solar  flares.  These  sporadic  events  are  typical  features  of  the  active 
sun,  in  contrast  to  the  recurrent  events  which  are  products  of  the  quiet  sun.  The 
occurrence  rate  of  these  sporadic  events  is  of  course  directly  correlated  to  so¬ 
lar  activity. 

The  different  sources  for  geomagnetic  activity  have  unfortunately  not  always  been 
properly  separated.  Much  of  the  statistical  work  done  in  the  past  for  finding 
correlations  between  solar.  Interplanetary  and  terrestrial  phenomena  suffers  from 
the  lack  of  appreciation  for  this  basic  difference.  It  is  not  the  purpose  of  this 
paper  to  review  and  re-evaluate  all  those  studies.  We  Intend  rather  to  describe 
our  present  understanding  of  the  structured  and  variable  solar  wind  and  the  pro¬ 
cesses  going  on  in  it.  We  try  to  put  all  those  parameters  which  were  suspected  or 
known  to  be  somehow  related  to  geomagnetic  activity  but  were  regarded  in  a  more  or 
less  Isolated  fashion  into  the  right  context.  This  way,  a  bit  of  new  light  might 
be  shed  on  old  findings  which  will  then  be  quoted  here  without  too  much  regard  of 
their  proper  historical  order. 

-3  -2 

The  earth's  magnetosphere  absorbs  only  a_2iln^r  fraction  (10  to  10  )  of  the  so¬ 
lar  wind  kinetic  energy  flux  (  1  erg  em'^^s  at  1  AU).  The  power  Input^Jnto  the 

magnetosphere  with  an  effective  radius  of  10  is  of  the  order  of  10  W.  This 
amount  appears  ne^^lglble  as  compared  to  the  light  energy  absorbed  by  the  earth's 
troposphere  («# 10  W) .  There  is  Increasing  evidence,  though,  that  the  energy 
absorbed  from  the  solar  wind  mainly  due  to  its  high  variability  might  be  able  to 
at  least  trigger  certain  mechanisms  in  the  magnetosphere,  the  ionosphere  and  even 
the  troposphere  (see,  e.g.  the  textbook  by  Hargreaves  [11]).  In  the  first  place, 
the  absorbed  solar  wind  energy  goes  into  the  magnetospherlc  and  ionospheric  cur¬ 
rent  systems,  the  production  of  high  energy  particles  in  the  radiation  belt,  and 
the  production  of  auroral  particles  (Perreault  and  Akasofu  [12]).  Changes  in  the 
energy  input  may  cause  dramatic  reactions  of  these  energy  consumers  by  triggering 
the  emptying  of  other  energy  reservoirs,  e.g.  magnetic  energy  stored  in  the  mag- 
netotall  resulting  in  geomagnetic  storms.  These  phenomena  will  not  be  further  dis¬ 
cussed  in  this  paper.  They  are  mentioned  only  in  order  to  Illustrate  that  it  is 
the  structures  and  variations  in  the  solar  wind  which  are  of  basic  importance  in 
any  solar  terrestrial  relations. 

THE  SUN  AND  THE  SOLAR  WIND  IN  TERMS  OF  THE  "BALLERINA"  MODEL 

The  appearance  of  the  solar  wind  is  most  adequately  described  in  terms  of  the 
"ballerina"  model  first  proposed  by  Alfven  (for  a  review  see  [13]).  It  is  now 
well  established  by  the  aid  of  several  recent  findings.  Figure  1  is  a  schematic 
drawing  of  the  inner  heliosphere  right  before  the  last  solar  activity  minimum  in 
1976.  The  sun's  poles  are  covered  by  large  coronal  holes.  They  are  areas  of  open 
magnetic  field  lines,  the  northern  hole  being  of  positive  (outward  directed) 
polarity,  the  southern  being  negative  (inward  directed) .  Some  tongue-like  exten¬ 
sions  of  the  coronal  holes  reach  well  into  the  equatorial  regions  and  give  the 
sun  the  appearance  of  a  tilted  magnetic  dipole  (Schulz  [14]).  The  sun's  equate- 
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Fig.  1  The  "ballerina"  model  of  the  heliosphere  as  proposed  by 
Alfven  [13].  For  explanations  see  text. 

rial  region  is  governed  by  activity  centers  (e.g.  sunspots)  and  their  loop-like 
and  mainly  closed  magnetic  structures.  What  looks  like  the  skirt  of  a  spinning 
ballerina  is  the  warped  separatrlx  between  positive  and  negative  solar  magnetic 
field  lines  dragged  out  into  Interplanetary  space  by  the  radially  outflowing  con¬ 
ductive  solar  wind  plasma.  It  is  in  fact  a  substantial  sheet  of  azlmuthally  flow¬ 
ing  electric  current  required  for  the  polarity  change  of  the  magnetic  field.  The 
sheet  is  "attached"  to  the  corona  on  top  of  closed  magnetic  structures  at  the 
transition  between  closed  and  open  flux  tubes,  i.e.  generally  in  the  middle  of 
the  equatorial  "belt"  of  activity.  Any  observer  north  of  this  current  sheet  is  in 
a  positive  magnetic  sector,  south  of  it  in  a  negative  sector.  When  the  current 
sheet  is  swept  over  the  observer  he  calls  this  a  sector  boundary  crossing.  The 
size  and  number  of  magnetic  sectors  is  closely  related  to  the  underlying  coronal 
structure.  Around  solar  minimum  the  folds  in  the  current  sheet  do  not  reach  to 
high  latitudes.  This  is  why  Pioneer  11,  coming  to  16*  northern  hellographlc  lati¬ 
tude  in  1976,  spent  more  than  90  %  of  the  time  in  positive  sectors  (Smith  et  al 
[15]).  The  orientation  of  the  solar  dipole  changes  from  one  solar  minimum  to  the 
next  resulting  in  a  22  year  magnetic  solar  cycle. 

High  speed  streams 

The  coronal  holes  are  now  known  to  be  the  sources  of  high  speed  solar  wind  streams 
(see  Zlrker  [8]).  This  explains  why  high  speed  streams  are  always  completely  en¬ 
closed  in  regions  of  only  one  magnetic  polarity.  Measurements  of  the  solar  wind 
speed  at  high  latitudes  using  the  interplanetary  scintillation  (IPS)  technique  in¬ 
dicate  that  the  average  speeds  are  much  higher  here  (Coles  and  Rlckett  [16]).  This 
is  expected  from  the  existence  of  the  large  polar  coronal  holes.  The  maximum  speed 
was  found  to  be  correlated  with  the  size  of  the  coronal  holes  (Nolte  et  al  [17]). 


However,  there  is  not  yet  any  consistent  explanation  on  how  a  steady  flow  of  solar 
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wind  can  ever  achieve  speeds  often  exceeding  700  kms”^.  Theoretical  studies  show 
some  evidence  that  the  degree  of  divergence  of  the  open  field  lines  plays  a  major 
role  (Kopp  and  Holzer  [18],  Holzer  [19]).  Furthermore,  there  Is  evidence  for  the 
importance  of  wave  action  for  solar  wind  acceleration  (Hollweg  [20])  which  Is  not 
yet  fully  understood.  Observations  from  the  solar  probes  Helios  1  and  2 
approaching  the  sun  as  close  as  0.29  AU  revealed  that  the  of ten, drastic  speed 
differences  between  a-particles  and  protons  (exceeding  200  kms”  at  0.29  AU)  are 
closely  related  to  the  occurrence  of  Alfvenlc  fluctuations  and  their  Intensities 
(Marsch  et  al  [21]).  Some  unexpected  features  in  the  particles'  velocity  distri¬ 
bution  functions  also  show  the  basic  Importance  of  wave-particle  Interactions 
(Feldman  et  al  [22],  Marsch  et  al  [23]).  Generally,  the  fast  solar  wind  can  be 
characterized  by  some  typical  parameters  which  hardly  ever  show  structural  chan¬ 
ges  within  one  stream  or  much  difference  from  one  stream  to  the  next  (Feldman  et 
al  [29]).  This  reflects  the  above  mentioned  fact  that  the  fast  streams  are  ex¬ 
pressions  of  the  quiet  sun. 

Slow  solar  wind 


The  slow  solar  wind  has  been  taken  by  many  authors  as  representative  of  the  quiet, 
ambient,  and  structureless  solar  wind  needed  as  a  reference  for  comparisons  with 
theoretical  models  (see,  e.g.,  Hundhausen  [25]).  However,  Feldman  et  al  [24]  con¬ 
cluded  that  "it  is  reasonable  to  suggest  that  t^e  structureless  ambient  state  of 
the  solar  wind  may  be  found  at  high  ('-*750  kms  )  flow  speeds  rather  than  at  low 
ones".  In  fact,  the  slow  solar  wind  Is  not  at  all  "quiet",  since  it  emerges  from 
those  regions  in  the  corona  which  are  situated  over  the  activity  centers  with  all 
their  complicated  and  highly  variable  magnetic  topologies.  The  coronal  phenomena 
going  on  here  and  the  outflow  of  the  slow  solar  wind  from  these  often  loop-llke 
and  mainly  closed  magnetic  structures  are  still  far  from  understood. 

Stream-stream  interactions 

The  Hellos  measurements  showed  that  the  longitudinal  transitions  between  plasma 
streams  of  different  speed  are  generally  much  more  abrupt  closer  to  the  sun  than 
at  1  AU.  This  led  to  the  Impression  of  a  "mesa-like"  stream  structure  (Rosenbauer 
et  al  [26]  [27]).  Comparison  of  simultaneous  Hellos  1,  Helios  2  and  IMP  measure¬ 
ments  revealed  that  the  latitudinal  stream  boundaries  are  also  very  thin  (Schwenn 
et  al  [28]).  It  now  appears  as  If  slow  and  fast  streams  might  represent  two  states 
of  the  solar  wind  resulting  from  different  acceleration  mechanisms. 

The  hypothetical  streamlines  of  the  plasma  flowing  radially  away  from  the  rotating 
sun  are  wound  up  to  Archlmedlan  spirals  in  Interplanetary  space.  Since  the  spiral 
angle  (-.  545°  at  1  AU)  depends  on  the  flow  speed,  the  streams  of  different  speed 
coming  from  contiguous  sources  In  the  corona  start  Interacting  with  each  other. 

In  the  boundary  layer  between  a  slow  stream  and  a  fast  stream  coming  from  behind, 
the  plasma  will  be  compressed.  This  can  lead  to  high  values  of  density,  momentum 
and  energy  fluxes  within  these  Interaction  regions.  The  density  gradients  give 
rise  to  longitudinal  and  latitudinal  motions  of  the  compressed  plasma,  l.e.  de¬ 
flections  of  the  streams  (Plzzo  [29]  [30]).  As  soon  as  the  local  sound  speed  (at 
the  fast  magnetosonic  mode)  at  which  these  density  signals  can  propagate.  Is  less 
than  the  corotation  speed  of  the  structure,  a  shock  front  along  the  high  density 
region  will  form,  or  even  a  shock  pair  on  both  sides  on  the  density  ridge.  Such 
corotating  shocks  were  first  observed  beyond  1  AU  (Smith  and  Wolfe  [31]);  recent¬ 
ly  the  Hellos  probes  found  a  few  cases  Inside  1  AU,  as  close  as  0.6  AU  from  the 
stm  (Burlaga  et  al  [32],  Schwenn  et  al  [33]). 


Relation  of  streams  and  magnetic  structure  and  some  terrestrial  Implications 
Figure  1  shows  that  an  observer  in  the  plane  of  the  ecliptic  will  see  alternately 
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slow  and  fast  streams  coming  by;  their  relative  number  depends  directly  on  the 
underlying  coronal  structure,  mainly  on  the  occurrence  of  equatorial  coronal 
holes.  From  Figure  1  it  can  be  seen  that  close  to  the  sun  the  equatorial  current 
sheet  forming  the  magnetic  sector  boundary  can  be  quite  far  away  from  the  com¬ 
pression  region  of  the  following  fast  stream,  since  there  Is  no  direct  physical 
dependence  between  the  two.  It  Is  only  due  to  the  stream  Interaction  processes 
mentioned  above  that  at  1  AU  the  sector  boundary  Is  found  In  many  cases  right  In 
front  of  the  stream  Interface,  preceding  it  by  only  1  1/2  hours  to  1  1/2  days 
(Gosling  et  al  [34]).  We  emphasize  the  basic  difference  between  the  magnetic  sec¬ 
tor  structure  and  the  solar  wind  stream  structure.  This  difference  is  Important 
for  any  trial  of  solar  terrestrial  correlations.  Many  studies  have  been  published 
where  terrestrial  effects  were  correlated  with  sector  boundary  crossings  (e.g. 
Hlrshberg  and  Colburn  [35],  Shapiro  [36],  Wilcox  et  al  [37])  Inferring  the  poten¬ 
tial  significance  of  Interactions  between  the  interplanetary  and  the  earth's  mag¬ 
netic  field.  On  the  other  hand,  from  correlations  with  the  solar  wind  stream 
structure  (e.g.  Sawyer  and  Haurwitz  [38])  one  might  rather  conclude  that  the  ac¬ 
tion  of  kinematic  effects  due  to  momentum  and  energy  fluxes  onto  the  magnetosphere 
plays  the  leading  role.  Regardless  of  these  different  aspects,  there  Is  no  doubt 
about  the  key  role  of  the  magnetic  field  In  solar-terrestrial  relations. 

The  Importance  of  the  Interplanetary  electric  field  E  -  -  (v  x  B)  (v  is  the  solar 
wind  speed  vector,  B  the  Interplanetary  magnetic  field  vector)  for  geomagnetic  ac¬ 
tivity  has  been  well  known  since  the  pioneering  work  of  Alfven  [39]  [13].  Dungey 
[40]  pointed  out  the  possibility  of  reconnections  between  Interplanetary  magnetic 
field  lines  If  they  have  a  southward  directed  component  B  ,  with  a  northward  di¬ 
rected  geomagnetic  field  line.  Many  observations  startlng^wlth  Fairfield  and 
Cahill  [41]  demonstrated  the  significance  of  B  for  the  occurrence  of  geomagnetic 
activity.  The  quality  of  such  correlations  coufd  significantly  be  Improved  by  re¬ 
placing  B  by  the  quantity  v*B  which  Is  the  east-west  (dawn-dusk)  component  of 
the  Interplanetary  electric  field  (e.g.  Rostoker  and  Fdlthammar  [42] ,  Alfven  and 
Fdlthammar  [43]). 

In  addition,  geomagnetic  variability  was  found  to  be  associated  with  fluctuations 
of  B  (e.g.  Dessler  and  Fejer  [44],  Balllf  et  al  [45],  Garrett  et  al  [46]).  However, 
the  Interdependence  of  all  these  quantities  due  to  their  common  physical  basis, 
which  Is  the  expansion  of  the  structured  solar  wind,  has  rarely  been  regarded. 

Transients 


The  most  dramatic  geomagnetic  disturbances  are  always  associated  with  big  solar 
flares  (Chao  and  Lepplng  [47]).  Part  of  the  flares'  action  starts  as  fast  as  a 
few  minutes  later.  Especially  after  very  strong  flares,  the  emitted  UV  and  XUV 
radiation  as  well  as  the  ejected  energetic  particles  will  Impinge  In  the  Iono¬ 
sphere  and  change  Its  electrical  conductivity,  thus  modifying  the  ionospheric 
current  systems.  Another  part  Is  due  to  the  interplanetary  shock  wave  which  Is 
driven  by  the  flare  ejecta  (for  a  review  see  Dryer  [48])  and  which  does  not  arrive 
at  the  earth  until  one  to  four  days  later.  The  sudden  density  and  speed  Increase 
at  a  shock  front  may  cause  a  Jump  In  the  solar  wind  pressure  on  the  magnetosphere 
by  more  than  one  order  of  magnitude.  In  addition,  the  magnetic  topology  will  be 
drastically  changed,  in  a  way  that  depends  mainly  on  the  type  of  the  flare,  on 
the  position  of  the  flare  site  relative  to  the  earth,  and  on  the  ambient  solar 
wind  structure.  It  often  happens  that  passage  of  the  shock  front  Is  followed  some 
hours  later  by  a  tangential  discontinuity,  which  separates  the  hot,  shocked, 
ambient  plasma  from  the  flare  ejecta  which  act  like  a  piston.  This  driver  gas  can 
often  be  discerned  by  its  Increased  helium  content  (Bame  et  al  [49],  Hlrshberg 
et  al  [50]),  and  frequently  also  exhibits  unusually  low  proton  and  electron  tem¬ 
peratures  (Gosling  et  al  [51],  Montgomery  et  al  [52]).  This  has  been  interpreted 
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as  being  due  to  topologically  closed  magnetic  structures  (like  magnetic  bottles) 
which  eventually  close  off  and  then  drift  as  Isolated  loops  In  the  post  shock 
flow  (Gold  [53],  Bame  et  al  [54]),  see  Figure  2.  The  temperature  depression  Is  ex¬ 
plained  as  resulting  from  the  Inhibition  of  thermal  conduction  due  to  magnetic 
cut  off,  and.  In  addition,  from  a  greater  than  r  divergence  of  the  flare  ejecta. 
It  is  clear  that  any  observer  during  the  transition  through  such  a  magnetic  bottle 
or  "magnetic  cloud"  (Burlaga  and  Klein  [55])  will  see  dramatic  changes  both  In  the 
field  magnitude  and  direction. 


O 
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Fig.  2  A  possible  geometry 
of  flare-expelled  plasma 
driving  an  Interplanetary 
shock  wave.  In  this  exten¬ 
sion  of  the  model  of  Hund- 
hausen  [25]  the  Interpla¬ 
netary  field  lines  threa¬ 
ding  the  shock  and  compres¬ 
sed  ambient  plasma  have 
been  omitted  for  clarity; 
possible  magnetic  bubble 
and  bottle  configurations 
In  flare-expelled  gas  are 
shown. 

(from  Bame  et  al  [54]). 


Normally  less  spectacular  than  flares  and  their  effects  are  the  coronal  mass  ejec¬ 
tions  pushed  outwards  by  eruptive  prominences  (Gosling  et  al  [56] ,  Hlldner  et  al 
[57]).  Gosling  et  al  [58]  conclude  that  these  ejections  can  be  re- identified  In 
the  solar  wind  as  "non  compressive  density  enhancements".  They  are  all  found  im¬ 
bedded  In  ^low  solar  wind  structures  and  are  characterized  by  densities  greater 
than  15  cm  ,  unusually  low  proton  and  electron  temperatures,  and  often  by  unusual 
reversals  of  the  magnetic  field.  Evidence  has  recently  been  found  that  in  very 
rare  cases  eruptive  prominences  may  themselves  eject  material,  also  enclosed  in 
magnetic  bottles,  and  fast  enough  to  act  as  a  piston  and  drive  a  shock  wave 
(Schwenn  et  al  [59]).  In  these  cases  the  existence  of  singly  Ionized  helium  within 
the  piston  Is  suggestive  of  Its  chromospheric  origin.  This  is  mentioned  here  In 
order  to  Indicate  that  there  might  well  be  geomagnetic  phenomena  which  can  be 
associated  with  neither  flare  action  nor  high  speed  streams.  Their  sources  should 
rather  be  sought  by  means  of  other  types  of  solar  observations,  such  as  H^- 
spectrohellograms  or  radio  wave  measurements. 

MEASURED  PARAMETERS 

In  order  to  Illustrate  all  the  main  features  of  the  solar  wind  behaviour  as  ex¬ 
tensively  discussed  above,  we  selected  measurements  covering  one  complete  solar 
rotation  In  1974/1975  as  performed  by  the  plasma  Instruments  aboard  the  Hellos-1 
solar  probe.  In  Figure  3  the  main  proton  parameters,  bulk  speed  v,  density  n,  and 
temperature  T,  are  plotted  as  1  hr  averages  (dots  denoting  a-partlcles) .  We  also 
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Fig.  3  The  main  parameters  of  the  solar  wind  during  a  complete 
solar  rotation,  plotted  as  1  hr  averages.  The  dots  denote  the  para¬ 
meters  of  the  a-partlcles  (n  x  100).  The  data  were  collected  at  the 
Helios-1  solar  probe  between^O.96  and  0.85  AU.  The  longitudinal  se¬ 
paration  between  Hellos-1  and  the  earth  did  not  exceed  10*.  The 
solar  wind  structure  shown  here  is  typical  for  the  time  period  close 
before  solar  activity  minimum.  A  detailed  description  is  given  in 
the  text. 


display  some  combined  quantities  deduced  from  n,  v,  T  which  are  proportional  to 

^  _  J _ _ _  _ _ A. _  _  _ Ja _  vr  A  _ ^  _ l_j _ j  _ 


the  particle  flux  density  P 


energy  flux  density  Fj.  nv' 
Interplanetary  electric  field  component 


nv,  the  momentum  flux  density  M  '''  nv  ,  the  kinetic 
the  proton  enthalpy  flux  density  F_  nvT,  and  the 


We  will  concentrate  first  on  the  two  huge  fast  stream  systems  which  are  both  im¬ 
bedded  in  magnetic  sectors  of  opposite  signs.  They  had  been  nearly  stationary 
since  at  least  the  end  of  1973  (Sheeley  et  al  19]). 


We  note  a  few  main  points: 

The  maximum  bulk  speed  v  exceeds  700  kms  the  speed  difference  to  the  am¬ 
bient  slow  plasma  is  sf  400  km,  the  longitudinal  extension  of  each  stream  is 
more  than  90*.  This  kind  of  stream  is  characteristic  for  the  time  right 
before  solar  activity  minlmtim  (Bame  et  al  [60] ) . 

The  compression  of  the  plasma  on  both  sides  of  the  stream  Interfaces  T.,  T^, 
and  T  is  clearly  visible.  The  density  maximum  determined  from  many  more 


U) 


R.  Schwonii 


interfaces  is  a*  40  cm  on  the  average  at  1  AU. 

The  p^oton^fl^x  density  P  reaches  maxima  at  these  interfaces 
^10  cm  s  ).  The  values  of  P  in  "quiet"  slow  plasma  (e.g.  days  11,  20) 
and  fast  streams  (e.g.  days  4,  5,  13,  16,  17,  18)  are  surprisingly  equal. 
Other  data  confirm  this  trend. 

The  momentum  flux  density  M  *  nv  (m  v)  reaches  its  maximum  relative  to  the 
Interfaces  several  hgurs  later  than^’the  density.  In  addition,  the  higher 
power  of  V  causes  nv  to  be  generally  higher  in  fast  streams  than  in  slow 
streams. 

This  tendency  is  even  stronger  for  the  flux  of  kinetic  energy 
F„=nv(l/2mv). 

The  enthalpy  f¥ux  density  ”  nv  (5/2  kT)  is  only  a  few  percent  of  F  .  F 
shows  more  pronounced  fluctuations  than  F  .  The  profile  of  In  (F  )  follows 
quite  closely  that  of  v. 

The  sector  boundaries  as  determined  by  Behannon  et  al  [61]  are  situated  fair¬ 
ly  close  to  the  stream  interfaces,  well  within  the  compression  regions. 

There  are  significant  fluctuations  of  E  =  -  v*B  .  Closer  inspection  and 
comparison  with  more  cases  reveal  some  ?ecurring^trends,  especially  around 
sector  boundaries. 


This  last  point  shall  be  Inspected  further,  since  it  might  have  some  terrestrial 
implications.  Rosenberg  and  Coleman  (62]  studied  the  behaviour  of  B  around  sector 
boundaries  extensively  and  explained  it  in  terms  of  the  ballerina  model:  At  any 
sector  boundary  the  current  sheet  must  necessarily  be  inclined  versus  the  ecliptic 
implying  the  existence  of  non-zero  B  components.  At  the  transition  from  well 
within  one  sector  with  B  «  0  to  welf  within  the  other  sector  with  again  B  -0, 
the  observer  will  see  a  negative  component,  B  <0,  first  and  later  B  >07  This 
is  correct  for  any  sector  crossing,  positive  fo  negative  and  vice  veria,  as  long 
as  the  general  dipole  of  the  sun  is  oriented  as  in  Figure  1,  i.e.  the  north  is 
positive  and  the  south  is  negative.  Only  when  the  sun’s  dipole  is  turned  around, 
e.g.  before  the  previous  or  after  the  present  solar  maximum,  an  observer  will  find 
B  >0  first  and  only  then  B  <0.  This  reversal  was  confirmed  by  measurements 
taken  between  1966  to  1973  [§2] .  From  Figure  3  one  can  deduce  that  during  the  time 
of  an  Inversed  solar  polarity  the  B  <0  phase  would  generally  be  shifted  towards 
a  later  time  in  the  stream  Interface,  i.e.  into  a  region  where  the  kinetic  energy 
density  flux  Fj^  is  already  higher.  This  phase  shift  between  B  <  0  and  Fj^  follows 
the  22  year  magnetic  cycle  of  the  sun.  We  underline  the  posslfle  importance  of 
this  effect,  since  it  might  well  modulate  the  recurrent  geomagnetic  effects.  This 
modulation  should  follow  the  22  year  magnetic  solar  cycle,  and  be  superimposed  on 
the  well-known  M  year  modulations.  Evidence  for  some  22  year  perldicitles  in  geo¬ 
magnetism  was  found  by  Chernovsky  [63]  and  Russell  [64] . 

Another  hypothesis  explaining  these  magnetic  phenomena  as  well  was  given  in  some 
previous  versions  of  the  paper  by  Rosenberg  and  Coleman  [62] ,  and  was  adopted  by 
Plllpp  et  al  [65] .  Around  several  sector  boundaries  they  found  significantly  de¬ 
creased  values  of  electron  temperature  and  heat  flux  indicating  a  magnetic  cutoff 
from  the  sun.  They  inferred  the  occurrence  of  magnetic  loops  resulting  from  re¬ 
connecting  field  lines  at  the  sector  boundary.  This  idea  was  supported  by  the  mu,- 
tlpolnt  observations  (Schwenn  et  al  [29])  of  non-stationary  phenomena  and  multiple 
stream  Interface  crossings  in  the  vicinity  of  sector  boundaries. 

Before  further  inspection  of  Figure  3  a  summary  of  the  parameters  of  the  typical 
"quiet"  fast  and  slow  solar  wind  will  be  given  in  Table  1.  Some  of  these  values 
were  taken  from  the  literature;  some  of  them  were  calculated  from  the  plasma  data 
of  the  Hellos  solar  probes.  In  addition  to  the  features  discussed  qualitatively 
above,  we  find  a  few  more  points: 

The  electron  temperature  T  is  less  In  fast  streams  than  in  slow  streams, 

contrary  to  the  protons.  T^  in  fast  streams  is  even  significantly  lower  than 
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TABLE  1  Characteristics  of  "quiet"  solar  wind  at  1  AU. 


Quantity 

dimension 

"slow"  streams 

"fast"  streams 

bulk  speed  v 

kms 

■1 

i  300  -  325 

H 

741  t  49 

F 

j  300  -  400 

S 

600  -  800 

S 

-3 

j  8.7 

proton  density  n 

ctn 

H 

9.5  +  3.8 

S 

4.4  +  0.6 

S 

proton  temperature  T 

10^ 

K 

40 

H 

230  +  30 

F 

35  +  16 

S 

260  ±  40 

S 

electron  temperature 

3 

T  10^ 

e 

K 

ISO 

H 

90  +  8 

F 

magnetic  field  B 

nT 

3.45  +  0.48 

M 

3.28  +  0.11 

M 

proton  flux  P  =  nv 

-2 

cm 

:  -1 
s 

2.4  X  10® 

H 

(3.3  +  0.5)xl0® 

F 

momentum  flux  M  =  nv 

(m  v)  dyn 

-2  -1 
cm  s 

2.3  X  10~® 

S 

2.5  X  10"® 

S 

energy  fluxes: 

-2  -1 

erg 

cm  s 

kinetic  energy  F„ 

*  nv*(l/2 

m  V  ) 

0.22 

H 

1.2  +  0.2 

F 

P 

0.34  +  0.09 

S 

1.29  +  0.2 

S 

proton  enthalpy  F_ 

■  nv*(5/2 

kT) 

0.008 

H 

0.024  +  0.005 

F 

0.0045  ±  0.0013 

S 

0.0032  +  0.008 

S 

Alfveti  waves 

A 

■  nv  •  ( 5  /  2 

m  <6v^>) 

0.0116  +  0.0047 

F 

electron  heat  conduction  Q 

0.007 

H 

0.0028  +  0.009 

F 

-5 

proton  heat  conduction  Q 

.  *•  10 

H 

P 

Data  sources:  F:  Feldman  et  al  [24],  H:  Hundhausen  [25], 
M:  Marianl  et  al  [66] ,  S;  Present  Work 


the  proton  temperature  (Feldman  et  al  [24]). 

The  average  magnetic  field  magnitude  B  Is  nearly  independent  of  the  stream 
structure  (Marianl  et  al  [66]).  2 

The  energy  flux  contained  In  Alfven  waves  F^  •  nv  (5/2  m  <6v  >)  within  high 
speed  streams  is  only  c*  1  %  of  the  kinetic  energy  flux  (Feldman  et  al  [24] . 
However,  these  mainly  transverse  magnetic  fluctuations  can  obtain  high  ampli¬ 
tudes  up  to  |6b|/|b|«1,  especially  right  after  stream  Interfaces  and  In  the 
front  parts  of  fast  streams  (Morflll  et  al  [67]).  This  means  that  B^  <  0  for 
significant  portions  of  the  time.  Within  slow  streams  F^  is  about  two  orders 
of  magnitude  less  than  in  fast  streams. 

The  electron  and  proton  heat  fluxes  appear  to  be  insignificant  in  the  context 
of  this  paper. 

In  addition.  Figure  3  gives  two  typical  examples  of  flare  produced  interplanetary 
shocks  (denoted  SI  and  S2)  showing  some  typical  features: 

The  simultaneous  increase  of  v,  n,  T  and  B  (not  shown  here)  indicate  both 
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shocks  to  be  fast  forward  MHD  shocks. 

SI  Is  followed  a  few  hours  later  by  the  driver  gas  characterized  as  usual  by 
a  discontinuous  decrease  in  n  and  T.  The  discontinuity  is  denoted  as  T,  in 
Figure  3. 

The  Increase  of  v  and  n  to  such  values  as  never  occur  during  normal  condi¬ 
tions,  leads  to  unusually  high  values  of  the  momentum  flux  and,  even  more  so, 
of  the  kinetic  energy  flux. 

Right  at  SI  the  magnetic  field  has  a  large  southward  component  B  ,  which 
turns  northward  at  the  passage  of  the  piston  contact  surface.  ^ 

In  Figure  4  we  show  the  stream  Interfaces  T1  and  T2  and  the  two  shocks  SI  and  S2 
with  better  time  resolution.  This  time  we  used  plasma  data  from  the  IMP  7/8  satel¬ 
lites  in  order  to  try  correlations  with  geomagnetic  responses.  Unfortunately  there 
are  no  magnetic  field  data  available.  Since  Hellos  1  was  only  about  8”  in  longi¬ 
tude  away  from  the  earth  and  the  plasma  structures  found  here  are  very  similar, 
the  magnetic  field  structure  can  certainly  be  Inferred  to  be  also  similar.  In 
Figure  4  we  added  two  panels  showing  the  behaviour  of  the  three  hour  planetary 
index  Kp  and  the  auroral  electrojet  index  AE,  which  were  adopted  from  Solar  Geo¬ 
physical  Data.  Many  features  described  by  other  authors  are  also  found  from 
Figure  4: 

The  Kp-proflle  around  the  stream  interfaces  follows  very  closely  that  of  the 
bulk  speed,  in  general  agreement  with  Snyder  et  al  [4]  and  Sheeley  et  al  [9] 
[10].  Note  that  Kp  remains  high  for  more  than  two  days  behind  the  interface. 
Bobrov  [68]  found  it  most  striking  that  the  recurrent  storms  do  not  terminate 
with  the  return  of  the  Interplanetary  magnetic  field  strength  to  normal  le¬ 
vels  but  continue  for  several  days.  He  concluded  finally  that  "the  most  im¬ 
portant  of  agents  responsible  for  geomagnetic  activity  at  the  second  stage  of 
a  recurrent  storm  is  total  Interplanetary  field  variability-"  In  fact,  during 
these  second  stage  phases  Alfvenic  fluctuations  were  found  to  be  strongest 
(Morflll  et  al  [67]).  Garrett  et  al  [46]  try  a  series  of  correlations  between 
empirical  functions  of  combined  solar  wind  parameters  and  geomagnetic  activi¬ 
ty  indices  ap  and  AE.  They  generally  confirm  Bobrov's  [68]  result.  They  infer 
that  "although  a  static  interplanetary  electric  field  is  largely  shielded 
from  the  interior  of  the  magnetosphere  by  charge  distributions  in  the  boun¬ 
dary,  a  rapidly  varying  electric  field  can  penetrate  the  boundary  more  effec¬ 
tively  because  of  the  finite  time  required  for  the  redistribution  of  shiel¬ 
ding  charges." 

Bobrov  [68]  found  also,  that  for  flare  produced  geomagnetic  disturbances 
there  is  no  relation  between  Kp  and  v,  since  a  high  Kp  is  often  confined  only 
to  the  first  few  hours  behind  the  shock.  (In  the  case  of  our  Figure  4  this 
does  not  show  up  very  well).  Burlaga  [69]  finds  it  "Interesting  to  investi¬ 
gate  whether  the  absence  of  fluctuations  in  the  trailing  part  of  flare-asso¬ 
ciated  streams  is  associated  with  magnetic  loops  or  bottles".  Although  there 
is  now  Increased  evidence  for  both  the  existence  of  magnetic  loops  in  the 
piston  gas  behind  shocks  as  well  as  the  reduced  level  of  Alfvenic  fluctua¬ 
tions  therein,  a  systematical  analysis  Is  still  missing. 

From  comparison  of  Figures  3  and  4  a  close  correlation  between  v*B  and  AE 
can  be  Inferred  for  the  first  part  of  the  fast  stream.  Only  after  Ihe  speed 
maximum  (after  day  3  in  Figure  4)  the  correlation  breaks  down.  This  behaviour 
and  similar  relations  between  B  and  AE  have  often  been  observed  (e.g.  Bur¬ 
laga  and  Lepplng  [2]).  Behind  t^e  shock  SI  AE  reaches  a  maximum,  and  simul¬ 
taneously  v*B  is  high  and  negative.  The  abrupt  decrease  of  AE  (as  well  as 
Kp  and  Fj^)  at^the  arrival  of  the  piston  gas  coincides  with  the  reversal  of 

v*B  . 

z 
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Fig.  4  A  detail  of  the  solar  wind  stream  structure  from  Figure  3,  as 
seen  from  the  IMF  7/8  earth  orbiting  satellites.  These  data  are  plotted 
as  6  min  averages.  F^^  Is  the  kinetic  energy  flux  density  nv  •  (1/2  mv  ). 
For  comparison,  Che  planetary  geomagnetic  Index  Kp  and  the  auroral 
electrojet  Index  AE  are  also  shown.  Since  magnetic  field  data  are  not 
available  from  these  satellites  Che  structure  of  the  magnetic  field  must 
be  inferred  from  Figure  3. 


DISCUSSION  AND  CONCLUSIONS 

In  the  previous  chapters  the  presently  known  characteristics  of  the  structured 
solar  wind  have  been  analyzed  In  some  detail  in  terms  of  the  ballerina  model,  as 
well  as  the  features  of  transients  caused  by  solar  activity.  From  the  many  trials 
to  correlate  Interplanetary  and  geomagnetic  activity  just  a  few  have  been  mentio¬ 
ned  without  too  much  discussion,  mainly  In  order  to  illustrate  our  poor  knowledge 
of  the  mechanisms  Involved.  The  solar  wind  acts  like  a  huge  buffer  pushing  onto 
the  earth's  magnetosphere  with  a  highly  variable  pressure.  Of  Che  energy  In  Che 
highly  variable  solar  wind  reservoir  only  a  tiny  fraction  Is  absorbed  by  the  mag¬ 
netosphere  In  an  obviously  very  non-statlonary  way.  Theoretical  models  are  still 
quite  controversial.  For  a  long  time  Dungey's  [40]  concept  of  the  possible  recon¬ 
nection  between  Interplanetary  and  terrestrial  magnetic  field  lines  favoured  by  a 
southward  pointing  Interplanetary  field  (B  <  0)  seemed  most  promising.  It  was 
supported  qualitatively  by  many  observed  correlations  between  B  and  geomagnetic 
Indices.  However,  Alfven  [13]  dismisses  Dungey's  [40]  concept  of  magnetic  re¬ 
connection  as  unnecessary  and  "counterlndlcaCed" ,  and  Introduces  his  concept  of 
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electric  currents  driven  by  the  electric  field  (note  the  correspondence  to  the 
ballerina  model!).  Alfven  (13]  writes;  "In  fact,  what  is  usually  referred  to  as 
"bow  shock"  is  a  current  sheet  (as  seen  from  the  difference  in  B  on  both  sides  of 
it).  It  seems  likely  that  this  current  connects  to  the  magnetopause  current.  The 
tall  and  magnetopause  current  systems  transf^g  enerYjfrom  the  solar  wind  to  the 
magnetosphere.  This  energy  is  sufficient  (10  -  10“^  W)  to  account  for  all  the 

dissipation  in  the  magnetosphere  (Alfven  and  Falthammar  (43])." 


Perrault  and  Akasofu  [12]  estimated  the  interplanetary  energy  flux  in  terms  of  the 
Poyntlng  flux  P  =  (E  x  p  is  of  the  form  v  •  B  •  f  (f,  0),  where  f  (f,  6) 

is  a  function  of  the  azimuthal  and  polar  angles  between  v  and  B.  Empirically  they 
determined  an  "energy  coupling  function" 

f  =  vB^  1^^  sln^  (e'/2), 

where  1  is  a  typical  linear  size  of  the  magnetosphere  (taken  as  7  earth  radii) 
and  P'  ?s  the  polar  angle  between  v  and  B  projected  on  the  yz-plane.  It  has  been 
demonstrated  in  several  studies  (e.g.  Akasofu  (12]  (69]  (70])  that  e  is  correlated 
with  the  AE  index  much  better  than  any  of  the  solar  wind  parameters.  In  particular 
the  liigh  level  of  AE  in  the  second  phase  of  recurrent  magnetic  storms  as  noted  by 
Bobrov  [67]  is  reasonably  well  reproduced  (Figure  5). 
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Fig.  5  Relations  between  the  Interplanetary  magnetic  field,  a  coro¬ 
tating  stream,  and  geomagnetic  activity  for  the  November  3  -  10,  1973 
events.  Figures  5a  (from  Burlaga  and  Lepplng  [2])  shows  that  AE  remains 
elevated  during  several  days  during  the  high  speed  stream.  This  is 
Interpreted  in  terms  of  fluctuations  in  E  -  v*B  .  "These  fluctua¬ 
tions  occur  throughout  the  stream  but  are^largesE  in  the  interaction 
region,  where  ambient  fluctuations  have  been  compressed."  Figures  5b 
and  c  (from  Akasofu  [69])  show  the  correlation  between  AE  and  the 
"energy  coupling  function"  e. 
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Based  on  some  geometrical  arguments,  D'Angelo  and  Ctoertz  [71]  were  ablg  to  derive 
a  function  f  (Y,  f*)  which  is  very  similar  to  the  empirically  found  sin  (n'/2) 
form.  In  this  way  e  can  be  Interpreted  as  "that  portion  of  the  solar  wind  electro¬ 
magnetic  power  flux  which,  at  any  one  time,  penetrates  the  magnetosphere." 

On  the  other  hand,  Perrault  and  Akasofu  [12]  find  that  f  can  be  Interpreted  as  the 
rate  of  energy  dissipation  In  terms  of  the  Joule  dissipation  in  the  ionosphere, 
the  injection  of  auroral  particles,  and  finally  the  Injection  of  the  rln^  current. 
Akasofu  [70]  gives  a  linear  r^Jatlon  roughly  expressed  by  AE  (nT):<E  (10  W) .  This 
relation  is  limited  to  c  <  10^"^  W.  For  larger  values  of  e  the  rate  of  Increase  of 
AE  decreases.  In  such  cases  an  abnormal  growth  of  the  ring  current  and  the  simul¬ 
taneous  development  of  a  large  main  phase  of  a  magnetospher ic  storm  are  observed. 
Akasofu  [70]:  "It  is  of  great  interest  to  note  thag  the  magnetosphere  has  such  a 
threshold  value."  For  very  low  values  of  e  (  10  W) ^  the  correlation  between 

r  and  AE  can  be  further  Improved  by  adding  some  3  x  10  W  to  e  (Rossberg  [72]). 
This  amount  might  represent  the  minimum  fraction  of  the  solar  wind  kinetic  energy 
entering  the  magnetosphere  continuously  and  thus  maintaining  a  "ground  state"  of 
the  magnetosphere. 

There  is  now  little  doubt  that  the  energy  coupling  function  e  may  serve  as  an  im¬ 
portant  tool  for  correlating  geomagnetic  phenomena  with  solar  wind  properties. 
D'Angelo  and  Goertz  [71]  emphasize  the  fact  that  c  does  not  depend  on  the  solar 
wind  density,  except  impllcltely  through  its  weak  influence  on  the  magnetospheric 
radius  1  .  This  indicates  "that  the  solar  wind  electric  field  may  be  the  primary 
quantlty°whlch  determines  geomagnetic  activity."  This  conclusion  is  in  general 
agreement  with  the  ideas  of  Alfven  [39]  [13]. 

However,  one  should  keep  in  mind  that  the  parameters  v,  B  and  9  (or  B^)  are  all 
interdependent  on  each  other.  They  vary  in  some  characteristic  way  according  to 
the  underlying  solar  wind  stream  structure  or,  in  a  very  different  way,  on  the 
nature  of  the  interplanetary  transients.  Taking  all  these  different  features  care¬ 
fully  into  account  one  might  come  to  a  more  detailed  understanding  of  the  mecha¬ 
nisms  involved  in  regulating  the  energy  flux  from  the  solar  wind  into  the  magneto¬ 
sphere. 
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ABSTRACT 

Ttie  dissipation  of  energy  of  electric  fields  and  currents  in  the  polar  auroral 
atmosphere  is  a  major  source  of  energy  for  the  thermosphere  ranging  locally  up  to 
100  ergs  cm  ^  sec  ‘  and  perhaps  more  during  the  most  intense  disturbance.  Globally 
the  input  of  energy  to  the  thermosphere  can  often  exceed  that  due  to  solar  Eb'V 
radiation.  Tliis  energy  source  is  always  significant  in  polar  regions  and  its 
variable  strengtli  with  respect  to  that  of  the  solar  EUV  radiation  determines  the 
behaviour  of  the  middle  and  low  latitude  thermosphere.  It  is  extremely  difficult 
to  model  because  of  its  variability  in  space  and  time.  Nevertheless  understanding 
the  dynamics  and  composition  of  the  global  thermosphere  is  dependent  upon  incor¬ 
poration  of  this  source  realistically  into  models.  A  further  important  aspect  of 
this  energy  source  is  the  consequences  of  its  action  in  changing  the  density  and 
composition  of  the  thermosphere  globally  leading  to  subsequent  changes  in  the 
absorption  of  solar  EUV  radiation.  The  ring  current  may  also,  at  tiroes,  be  a 
significant  source  of  energy  to  the  low  latitude  thermosphere. 


INTRODUCTION 

Tliere  is  now  general  agreement  that  sources  of  energy  other  than  solar  electro¬ 
magnetic  radiation  are  important  to  the  dynamics  and  composition  of  the  upper 
atmosphere  [1,  2,  3,  A,  5,  6,  7,  8,  9]. 

The  available  sources  include  (a)  dissipation  of  electric  fields  and  currents 
[I,  10,  11,  12,  13,  14,  15];  (b)  hydromagnetic  waves  [16];  (c)  corpuscular 

bombardment  by  electrons,  protons,  [17],  and  atoms  of  hydrogen  [18],  and  oxygen 
[19];  and  (d)  heat  conduction  from  the  magnetosphere  [20,  [21]. 

In  this  paper  the  author  wishes  not  only  to  stress  the  direct  effects  of  these 
energy  sources  but  to  draw  attention  again  [22]  to  consequential  effects  on  the 
subsequent  absorption  of  solar  electromagnetic  radiation  in  an  upper  atmosphere 
whose  composition  has  been  changed  by  pre-existing  magnetic  storms  or  substorms. 

It  should  further  be  emphasised  that  these  energy  sources  are  important  at  all 
times  because  the  geomagnetic  field  is  seldom  absolutely  "quiet". 

Ideally  in  tliis  problem  we  would  like  to  solve  simultaneously  the  equation  of 
continuity,  momentum,  and  energy  for  all  species  of  the  atmosphere.  Consider  first 
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an  atmospliero  of  ono  nontral  spooios  top.otlior  with  its  ions  (and  equal  number  of 
electrons).  We  have  1 231 


+  V.  (,  V)  =0 

where  ;  ,  V  =  density,  velocity 


dV 

d't 


K  +  j  X  B 


(j  =  electric  current  density. 


respectively  of  the  atmosphere. 


B  -  maRiietic  induction). 


(1) 


(2) 


K  =  -Vp  +  ,  g  -  2,  .  X  V  +  ^  V  n  +  uV^V 


(3) 


where  p  =  pressure,  g  =  acceleration  due  to  gravity, 
of  earth,  ;i  =  coefficient  of  viscosity,  0  -  '.V  ) 


j 


■i  1 


'iF-, 


B  X  Ej^ 
B 


rotation  velocity  of 


(4) 


where  jot'-'j,  =  components  of  electrical  conductivity  and  Ej^ ,  Ej  j  =  components 
of  electric  field  (^)  perpendicular  and  parallel  to  B, 


E  =  E  +  V  X  B 
—  s  -  - 


(5) 


where  E  =  electrostatic  field  in  frame  at  rest  with  respect  to  the  earth. 

Note  thit  the  last  term  in  this  equation  has  been  misprinted  in  Cole  [23],  It 
should  be  as  in  Cole  (11  as  it  is  here.  Also  [241. 


dt 


d_h  ^  d 
dt  dt 


v" 
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+  gz  + 


C  T 
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}  i.r 
e  at 


ve+uv^y  +  jxB  .y 


rate  of  heating  of  unit  volume  of  air  from  external  sources 

q^+q  +  j.E  -  KV^T  -  R  -  R  -  R„  -  R.,.. 

^ph  V  -  em  s  C  HM 

+  A  +  A  +  A„  +  A„„ 
em  s  G  HM 


(6) 


(7) 


where  K  180  T'j  c.g.s.  units,  is  the  thermal  conductivity  of  air, 

Reffl,  R  ’  Rq’  RrM  ”  Volume  rate  of  emission  of  electromagnetic  radiation,  sound 
(pressure)  waves,  internal  gravity  waves,  and  hydromagnetic  waves  respectively, 
and  A^^,  A^,  A  ,  A^|,j,  are  the  volume  rates  of  absorption  of  electromagnetic  waves, 
sound  waves,  gravity  waves  and  hydromagnetic  waves,  0  are  the  rates  of 

heating  respectively,  from  photon  and  corpuscular  soufces , '^viz . ,  energetic 
electrons,  energetic  ions  and  energetic  neutral  atoms.  Also  [25] 


2^ 

3t 


1^1-17.  (n. v^) 


(8) 


where  n^  =  ion  number  density,  q^,  =  production,  loss  rate  of  ions, 

v^  =  ion  drift  velocity. 

In  greater  generality  one  could  write  an  equation  like  (8)  for  each  ion  species 
and  for  each  neutral  species  for  that  matter.  Given  the  fact  that  auroral 
electric  fields  and  q  are  unpredictably  variable  in  space  and  time,  this  means 
that  we  can  tackle  the  problem  for  a  short  time  on  a  small  scale  but  we  must 
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resort  to  crude  estimations  of  heatinp,  and  momentum  sources  If  we  are  to  nuike 
progress  in  understanding  tlieir  gross  effects  on  tlie  atmospliere. 

Ttie  problem  of  the  dynamics  of  tlie  ionised  upper  atmosphere  is  clearly  a  formidable 
one,  much  more  so  than  the  traditional  problem  of  heating  the  upper  atmosphere 
by  solar  photons.  In  equation  (7),  q  means  production  of  heat  not  only  by 
solar  photons  but  also  by  photons  genFrated  in  auroral  pr<Hesscs  and  absorbed 
in  another  place.  We  know  that  the  term  J .  F.  c.an  be  comparable  to  and  sometimes 
in  excess  of  heating  due  to  solar  photons  |1,  73).  It  is  certainly 
so  at  night!  An  analysis  by  Cole  ll’l)  suggests  that  in  the  auroral  zones 
joule  heating  (i.e.  J.E)  is  more  important  above  100  km  altitude  than  heating 
by  corpuscular  bombardment  (q  )  because  electric  fields  extend  over  a  greater 
volume  of  space  than  bright  auroras  which  contain  high  values  of  q  .  There  is 
reason  also  to  believe  [7f>l  that  tiuiy  he  a  si  gn  i  f  ic.in  t  sink  of  energy. 


In  order  to  know  the  dissipation  of  energy  in  the  atmospliere  from  non-solar  EUV 
sources  wo  need  continuous  measurements  of  energetic  particle  spectra,  electric 
fields  and  currents,  winds,  temperatures  and  wave  fields  all  over  the  thermo¬ 
sphere.  This  is  clearly  impossible.  The  external  sources  of  energy  to  the 
thermosphere  are  q^ ,  j . E,  j^xB.V  and  Of  these  is  the  least,  and  q  can 

range  up  to  300  ergs  cm-‘  scc-^  within  tlie  narrow  conTincs  of  bright  auroral 
forms.  We  do  not  discuss  in  detail  here  all  the  energy  sources  and  sinks  but 
only  those  currently  considered  to  be  most  significant,  viz.,  q  ,  j.F.,  and 
Even  this  discussion  is  only  illustrative  and  not  exhaustive. 

CORPL'SCUI.AR  BOMBARDMENT 

Dalgarno  [27]  adopted  a  factor  of  1  x  10  '  for  the  effieiicy  of  conversion  of 
energy  of  auroral  electrons  into  3914  A°  radiation.  Rees  [28]  calculated  the 
altitude  profile  of  emission  of  3914  A”  photons  from  monoenergetic  electron 
streams  and  also  the  penetration  depth  of  monoenergetic  electrons  into  the 
atmosphere  [29].  Such  calculations  are  fundamental  to  understanding  the  heating 
of  the  atmosphere  by  energetic  electrons.  About  1/3  of  the  energy  of  energetic 
electrons  interacting  with  the  atmosphere  goes  to  heating  the  air.  Clearly,  the 
energetic  electron  spectra  need  to  be  measured  at  all  times  and  places  before 
the  heating  functions  appropriate  to  corpuscular  bombardment  can  be  known. 

This  is  impossible  to  achieve,  so  crude  methods  of  estimating  it  must  be  made. 
Accord!  ig  to  Dalgarno  [27]  we  may  estimate  the  height  lntegrated_recombinatlon 
heating  due  to  energetic  electron  streams  by  10  ergs  cm  ^  sec  '  where  S  is 
the  number  of  rayleighs  of  3914  A°  emission.  As  for  the  altitude  distribution 
of  the  heating  this  would  likewise  follow  the  altitude  distribution  of  the 
3914  A”  emission  [28]  thus  10  ^s  ergs  cm  ^  sec  '  where  s  is  now  the  number  of 
photons  per  unit  volume  emitted  per  second.  There  is  an  approximate  ratio  of 
the  intensity  of  emission  at  5577  A°  and  3914  A°  in  auroras  [30]  of  about  2  so 
that  classical  observations  of  the  altitude  variation  of  intensity  of  aurora 
(in  5577  A")  altitude  [17]  can  be  used  to  infer  the  altitude  variation  of 
heating  rates.  These  observations  show  that  for  homogeneous  arcs  the  heating  per 
unit  volume  is  greatest  in  the  altitude  range  100-120  km  suggesting  [28]  that 
electrons  in  the  range  2-10  kev  are  dominantly  responsible. 

AN  (I,  AH)  MODEL 

Let  us  compare  the  recombination  heating  and  joule  heating  in  a  model  auroral 
electrojet  in  which  auroras  are  embedded.  Figure  1  represents  a  meridional 
cross-section  of  such  a  system  in  which  the  magnetic  field  (B)is  assumed  vertical. 


K.l).  Coll' 


anJ  thoro  are  two  charar toristic  regions  of  east-west  auroras  of  intensity  Ij  and 
I  (  rav  1  e  i  glis )  and  widtli  X],  X;i .  Tiiere  is  assumed  continuity  of  Pedersen  current 
which,  itself,  is  assumed  to  be  north-south,  in  tiie  two  regions  (c.f.,  (11]  ). 


^2 

El 

X. 

^2 

Fig.l  -  Model  of  auroral  electrojet 


Fi,  Iv,i  =  electric  field  1  to  B. 


Now 


’•Pi 


P2 


where  is  height- Integrated  Pedersen  conductivity. 

The  Joule  heating  cm  ^  c'f  longitude  in  the  meridional  section  sec 
Qj  =  -pi  E,-Xi  +  Xp,  E,2x2 
llie  particle  heating  is 


(9) 


is  given  by 


(].  =  10"''(I;Xi  +  I;.X2) 

In  practice  we  are  not  likely  to  have  all  the  information  regarding  Ej,  Zpj, 

^1*  so  let  us  make  further  simplifying  assumptions  [11]  that 

tfu'  ratio  of  Hall  and  Pedersen  conductivities  is  constant  throughout  the  two 
regions.  Then  we  may  relate  electric  fields  to  the  magnetic  disturbance  at  the 
ground  for  a  sufficiently  broad  electrojet.  Thus  allowing  a  factor  of  50%  for 
induction  in  the  earth 


•H  =  6r  E2  =  6’’  -jjjE] 


Tlien 

(AH)-  [’’pi']  1  -1 

"  ct.riZ  — '1  > —  '  ergs  cm  sec 

and 

=  10  ^  IlXijl  +  ergs  cm  '  sec  ' 

1  IiXi, 

Another  way  of  expressing  Qp  is  that  about  1/3  of  the  total  energy  flux  of  auroral 
electrons  goes  into  heating.  Observations  suggest  that  the  auroral  electrojet 
occupies  a  much  wider  latitude  range  than  do  bright  auroras.  Let  us  assume  that 

^IiXi  ie.  that  particle  energy  flux  into  bright  auroras  ^  particle  energy  flux 
into  ocher  regions.  Then  approximately 


Qj  500 (AH) ^  Xpj  _  X2 


1 


X 


H2 


In  Table  1  we  show  the  ratio  of  Q  to  Qp 
Rayleighs)  assuming  the  electron  density 
and  X2/X1  ^10.  The  table  shows  that  for 


for  a  range  of  values  of  AH  and  Ij  (in 
in  the  E  region  in  region  2  is  10“*  cm  ^ 
likely  values  of  AH  and  Ij,  Qj  is  likely 
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ti'  hf  grtMtor  th.jn  .  This  modol  is  not  meant  to  account  for  al]  situations  of 
interest  lint  is  illuStrative  of  one  commonly  occurring  condition  as  during  a 
negative  magnetic  bay. 


10  '  -3  30 


10**  3  300 

lO'’’  *3  30 

10‘  3  300 


On  account  of  tlie  fact  tii.at  the  jxB  tends  to  accelerate  tlie  atmosphere  up  to  the 
velocity  ExB/h'  (in  the  absence  of  other  forces)  viscous  damping  becomes 
important  (see  e.g.  the  model  of  Wu  and  Cole  [31]). 

Another  situation  whicti  is  different  is  that  in  which  solely  dynamo  action  in  the 
ionc'sphere  is  the  driving  force.  Tliis  may  occur,  for  example,  in  the  positive 
bay  which  frequently  follows  negative  bays  (see  [10]  p.7iifS).  There  need  to  be 
many  experimental  studies  of  joule  lieating  and  wind  fields  in  a  variety  of  con¬ 
ditions  e.g.  negative  bays,  positive  bays  (day  and  night),  the  Harang  discontinuity, 
the  polar  cusp  (sunlit  and  not).  Each  needs  to  be  "calibrated"  to  find  empirical 
relationships  between  globally  measurable  parameters  e.g.  AH  and  the  heating. 

THEORETICAL  ESTIMATES  OK  HEATING 

Numerous  theoretical  estimates  of  joule  heating  by  ionospheric  currents  have 
appeared  in  the  literature  [1,  2,  3,  4,  5,  6,  7,  13].  Commonly  it  is  of  order  of 
tens  of  ergs  cm  '  sec  Even  at  "quiet"  times  this  source  of  energy  may  be 

necessary  to  account  for  the  dynamics  of  the  thermosphere.  Certainly  during 
magnetic  storms  as  much  energy  may  come  to  the  thermosphere  from  the  solar  wind  as 
does  from  the  solar  EUV. 

EFFECTS  OF  THE  HFJITINC 

Electric  fields  applied  to  the  thermosphere  by  the  solar  wind  tend  to  accelerate 
the  neutral  atmosphere  up  to  the  speed  ExB/B^  in  the  absence  of  other  forces  [1, 

23].  Joule  [1]  and  viscous  [31]  heating  take  place  in  approximately  equal  amounts 
in  some  situations.  New  gradients  of  pressure  build  up  in  the  thermosphere  which 
were  Initially  detected  by  Jacchia  [32].  New  wind  systems  are  created  together 
with  changes  in  the  composition  of  the  thermosphere  [33].  The  increased  heating 
of  the  thermosphere  raises  its  temperature  also  and  in  localised  regions  of  the 
auroral  zone  gives  rise  to  increased  loss  of  helium  by  the  atmosphere. 

EXPERIMENTAL  STUDIES 

Many  experimental  works  leading  to  estimates  of  joule  heating  have  now  been  done 
employing  the  Chatanlka  Incoherent  radar  system  [34,  33,  36];  the  Scandanavlan 
twin  auroral  ndar  [33].  There  need  to  be  simultaneous  measurements  or  estimat¬ 
ions  of  currents  and  electric  fields  and  wind  velocities,  or  simultaneous  measure¬ 
ment  of  ion  densities  and  relative  drifts  of  ions  and  neutrals  in  a  variety  of 
auroral /magnetic /ionospheric  conditions , 
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/\n  ever  present  diffievilty  in  ri'lating  theory  to  experiment  is  the  fact  that 
specially  in  the  auroral  ionosphere  the  behaviour  of  the  ionosphere  and 
atmosphere  at  one  |>laee  at  one  instant  of  time  may  often  be  dependent  upon 
conditions  at  other  times  and  places  for  which  observations  are  lacking.  Only  a 
gl('bal  observational  attack  on  the  dynamics  of  the  auroral  thermosphere  will 
produce  understanding  of  its  complexities  which  are  hinted  at  in  this  review. 

EFFECT  OF  THE  MACNETOSPHF.RIC  RINC  CURRENT 

Tile  ring  current  decays  by  charge-exchange  138|  and  by  iieat  conduction  to  the 
ionosphere  (.-'0  1.  Charge-exchange  results  in  the  bombardment  of  the  equatorial 
thermosphere  by  energetic  neutral  hydrogen  atoms  and  may  constitute  an  important 
source  Ilf  energy  for  this  region  in  the  recovery  phase  of  a  magnetic  storm  [18]. 
He.it  conduction  from  the  ring  current  leads  to  an  elevation  of  electron  tem¬ 
per. itures  in  the  ionosphere  but  heats  the  thermosphere  very  little  [20]. 

CONCLUSION 

There  is  no  doubt  that  the  deposition  of  energy  into  the  polar  ionosphere  as  the 
result  of  the  action  of  the  solar  wind  interaction  with  the  magnetosphere  is 
most  significant.  New  wind  systems,  changes  in  composition  and  structure  of  the 
thermosphere  and  ionosphere  are  produced  by  it.  The  change  in  composition  pro¬ 
duced  by  upwelling  of  gas  at  the  auroral  zones  and  its  transport  to  low 
latitudes  can  alter  the  absorption  rates  of  solar  EUV  on  subsequent  days  [22]. 
This  post-magnetic  disturbance  effect  deserves  more  investigation. 

In  studying  mid-latitude  effects  of  the  deposition  of  energy  in  the  auroral  zone, 
one  should  bear  in  mind  the  great  asymmetries  of  the  longitude  variation  of 
distance  iif  the  auror.il  zone  from  any  particular  geographic  or  magnetic  invariant 
curve  [  1“ ] . 

To  make  significant  progress  in  the  field  we  need  to  combine  observations  of 
many  kinds,  e.g.,  (i)  global  monitoring  of  the  aurora;  (ii)  global  monitoring 
of  magnetic  variations;  (iii)  satellite  monitoring  of  energetic  particle 
precipitation;  (iv)  "calibration"  of  the  heating  rates  in  various  magnetic  and 
auroral  situations. 
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ABSTRACT 

Simultaneous  measurements  taken  by  Instruments  on  the  Atmosphere  Explorer  -  C 
satellite  were  used  to  compare  electron  and  proton  particle  energy  deposition, 

.’oule  heating,  and  neutral  density  perturbations  in  the  region  of  the  cusp. 

Altitude  profiles  of  .'oule  heating,  electron  energy  deposition,  and  electron 
density  are  derived  using  measurements  taken  by  the  satellite  as  input  to  a 
computer  model.  Electric  fields  are  calculated  using  ion  drift  measurements. 
Figures  are  presented  for  a  representative  orbital  pass. 

A  peak  Joule  heating  rate  of  0.059  Wnr^  occurred  in  the  cusp  region  with  a  peak  of 
0.025  Wn'2  the  evening  auroral  electrojet.  Peak  volume  heating  rates  cor¬ 
responding  to  these  regions  were  1.4  x  10~b  Wr.“3  and  1  both  occurring 

at  an  altitude  of  115  kn .  Particle  energy  deposition  was  about  an  order  of 
magnitude  less  than  Joule  heating.  Large  neutral  density  perturbations  are  related 
to  regions  of  heating. 

INTRODUCTION 

Thermospheric  heating  in  the  auroral  zone  and  polar  cap  is  of  great  Importance  to 
the  variations  in  the  high  latitude  neutral  wind  and  the  resulting  global  tem¬ 
perature  and  densities.  Large  horizontal  gradients  are  seen  in  the  densities  of 
nitrogen,  argon,  atomic  oxygen  and  helium  that  are  correlated  with  magnetic  activ¬ 
ity.  It  was  desired  to  relate  in  as  quantitative  manner  as  possible  the  energy 
inputs  from  the  Joule  heating  and  particle  inputs  with  the  thermospheric  responses. 
The  AE-C  satellite  provides  all  the  necessary  data  for  such  a  study  and  the  present 
paper  will  discuss  some  of  the  results  of  these  analyses  in  the  cusp  region  and  in 
the  region  of  the  eastward  auroral  electrojet. 

The  data  used  in  this  paper  was  measured  by  the  Atmosphere  Explorer  C  satellite 
which  was  launched  late  in  December  of  1973  into  an  eccentric  orbit  inclined  68° 
with  respect  to  the  equatorial  plane.  The  orbit  was  circularized  in  late  1974 
and  data  presented  here  is  from  circular  orbits  of  late  December  1974. 
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MRTHOD  OF  ANALYSES 


For  estimation  of  the  current  systems  and  the  .Joule  heating,  it  was  first  neces¬ 
sary  to  calculate  the  electric  field.  The  electric  field  vectors  used  in  this 
study  were  derived  from  measurements  made  by  the  retarding  potential  analyzer 
system  of  Hanson  et  al.  Ill  on  the  Atmosphere  Explorer  -  C  (AE-C)  satellite.  This 
system  uses  measurements  from  two  planar  retarding  potential  analyzers  to  obtain 
three  dimensional  ion  drift  velocity  vectors.  One  sensor  head  supplies  information 
on  ion  energies  and  species,  from  which  the  ion  velocity  perpendicular  to  the  col¬ 
lector  head  can  be  derived.  The  second  sensor  has  a  segmented  collector  and  gives 
information  on  direction  of  arrival,  which,  when  combined  with  the  velocity  derived 
from  the  first  instrument,  supplies  velocities  in  two  orthogonal  directions  in  the 
plane  of  the  analyzer.  Corota-lon  of  the  atmosphere  and  an  assumed  cross  cap  wind 
of  100  meters  per  second  directed  from  1300  hrs.  to  0100  hrs.  MI.T  were  subtracted 
from  these  measured  drifts  to  get  ion  drifts  relative  to  the  neutral  atmosphere. 

Tlie  electric  fields  were  obtained  from  tlie  ion  drift  velocities  by  assuming  that  at 
the  satellite  altitude  ion  drift  is  due  solely  to  E  x  B  plasma  drift: 

E(V/m)  =  B(T)  X  v(m/sec) 

The  electric  fields  derived  from  ion  drift  velocities  at  the  satellite  altitude 
were  assumed  to  be  constant  with  altitude. 

Electron  and  proton  energy  spectra  were  obtained  from  telemetry  data  supplied  by 
the  Low  Energy  Electron  Experiment  on  AE-C  of  Hoffman  et  al.  [21.  This  experiment 
consisted  of  three  detectors:  two  measuring  electron  and  ion  fluxes  from  0.2  to 
25  keV  in  16  logarithmically  spaced  steps,  and  one  to  continuously  measure  5  keV 
electrons.  The  detectors  consist  of  cylindrical  electrostatic  energy  analyzers 
with  spiraltron  electron  multiplier  sensors.  Spectra  are  obtained  from  telemetry 
data  by  taking  into  account  the  geometric  factor  range  of  energy  acceptance,  count¬ 
ing  efficiency  and  accumulation  time  for  each  of  the  16  energy  steps.  The  system 
takes  one  16  point  spectrum  per  second.  The  instrument  does  not  measure  the 
spatial  distribution  in  the  despun  mode  and  spatial  isotropy  has  been  assumed. 

Electron  spectra  taken  from  the  Low  Energy  Electron  Experiment  are  used  as  input  to 
a  computer  program  which  calculates  energy  deposition  and  electron  production  due 
to  these  energetic  electrons  as  a  function  of  altitude  in  the  ionosphere  below  the 
satellite.  This  program  is  derived  from  the  program  TANGLE  of  Vondrak  [3]  which 
uses  a  technique  proposed  by  Rees  [41.  The  program  calculates  q(z,E),  the  ioni¬ 
zation  rate  per  unit  volume  at  altitude  z  due  to  electrons  of  energy  E  incident  on 
the  atmosphere  above  as: 

/  _  r-x  E  p  A(x/R) 

q(z,E)  =  F(E)  Y- 

ion 

where  F(E)  is  the  flux  per  unit  area  per  unit  energy  of  electrons  of  energy  E  in¬ 
cident  on  the  atmosphere,  AEjgjj  is  the  average  energy  per  ionization,  p  the  mass 
density  at  z,  R  the  range  in  mass  per  unit  area  which  the  electrons  penetrate,  and 
A  a  function  of  mass  penetrated  (x)  divided  by  R,  which  gives  the  fraction  of  E 
deposited  in  a  given  layer.  The  program  uses  the  MSIS  atmospheric  model  to  get  p 
and  X  at  each  altitude.  The  function  q(z,E)  is  numerically  Integrated  over  E  to 
get  the  production  Q(z)  as  a  function  of  altitude.  These  production  rates  are 
then  combined  with  EUV  production  in  a  modification  of  the  Penn  State  Mark  I 
ionospheric  model  of  Nisbet  [51 .  The  neutral  densities  have  been  revised  by  using 
the  MSIS  neutral  density  model  above  120  km  and  then  the  Groves  [6]  model  below 
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120  km.  Pholoabsorpt ion  irosn  sections  of  Kirby  et  al .  171,  as  modified  by 
II interejpuer  181  and  solar  EVU  intensities  slven  by  llinteregger  (81  were  used. 

RESULTS 

Figure  1  shows  tbe  electric  fields  for  an  orbit  on  December  24,  1974  that  passed 
just  equatorward  of  tbe  afternoon  sector  of  tbe  main  cusp  region  at  tbe  point 
marked  C  and  across  tbe  region  of  tbe  eastward  electrojet  at  tbe  point  marked  E. 
llie  electron  energy  flux  and  the  electric  field  strengths  are  shown  in  Figure  2. 

The  regions  of  high  energy  flux  which  correspond  to  regions  of  enhanced  electron 
density  and  Pedersen  conductivity  are  much  narrower  than  the  regions  of  enhanced 
electric  field.  Figure  3  shows  the  electron  density  contours  as  a  function  of 
height  along  the  satellite  orbit  calculated  from  the  model  using  the  measured 
particle  flux  spectra.  Large  electron  density  enhancements  down  to  100  km  are  seen 
in  the  cusp  region  and  the  electrojet  region.  Combining  the  measured  electric 
fields  with  the  Pedersen  conductivity  calculated  from  the  electron  density  distri¬ 
bution  gives  loiile  he.ating.  This  is  shown  in  Figure  4  compared  with  the  direct 
energy  input  from  protons  and  electrons.  It  can  be  seen  that  the  peak  energy  in  the 
region  of  the  cusp  traversed  is  59  mWm~^  and  in  the  evening  electrojet  region  is 
25  mWm~2.  Because  of  the  localized  nature  of  the  cusp,  it  is  difficult  to  tell  if 
the  satellite  is  in  fact  traversing  the  regions  of  maximum  energy  input  and  in  this 
case,  it  is  suspected  that  energies  would  be  greater  poleward  of  the  satellite.  It 
is  apparent  that  the  Joule  heating  exceeds  the  direct,  particle  heating  by  more  than 
an  order  of  magnitude  in  the  cusp  region  and  nearly  an  order  of  magnitude  in  the 
region  of  the  electrojet.  TIu  altitude  profile  of  the  Joule  energy  deposition  is 
shown  in  Figure  5.  The  neutral  densities  for  this  orbit  are  measured  by  the  satel¬ 
lite  as  shown  in  Figure  6.  It  can  be  seen  that  very  large  density  perturbations 
are  related  to  the  regions  of  heating.  In  each  case  the  atomic  oxygen  and  helium 
densities  which  are  sensitive  to  vertical  motion  in  the  heated  region  are  observed 
to  decrease  and  the  argon  density  which  is  more  sensitive  to  the  scale  height  in 
the  heated  region  increases.  Care  should  be  taken  in  attempts  to  correlate  the 
density  perturbations  with  the  heated  regions  because  of  the  time  delay  involved 
between  the  heating  and  the  time  the  density  changes  are  seen  at  satellite  alti¬ 
tudes.  This  causes  the  densities  to  be  sensitive  to  the  effects  of  heating  that 
occured  in  that  geographic  region  over  a  period  of  the  order  of  12  hours. 
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Fig.  1  AE-C  orbit  4708  in  magnetic 
corrdinates  showing  electric  fields 
derived  from  ion  drift  measurements. 
Cusp  region  and  auroral  electrojet 
are  marked  by  C  and  E. 


Fig.  2  Electric  field  strength  and 
particle  energy  flux  measured  by  the 
low  energy  electron  experiment  for  AE-C 
orbit  4708.  Cusp  and  electrojet  regions 
shown  in  Fig.  1  are  marked  by  C  and  E. 

No  attempt  is  made  to  interpret  the 
large  flux  peak  near  75780  seconds  which 
is  based  on  a  single  15-second  average. 
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TIME  OP  day  (SECONDS) 

Fig, 4  Height  integrated  Joule  heat¬ 
ing  and  particle  energy  flux. 


Fig. 5  Joule  heating  contours. 

0  HE  neutral  DENSITIES  OR0ITA7O8  AR 


Fig. 6  Log  of  neutral  densities  vs. 
time.  He  reduced  to  300  km,  0  and  Ar 
reduced  to  120  km  using  N2  densities 
and  assuming  diffusive  equilibrium. 


Based  on  the  limited  number  of  passes  examined  so  far,  it  ap^'ears  that  the  power 
deposited  by  Joule  heating  in  the  electrojets  is  related  to  the  auroral  electrojet 
indices  given  in  nT  by  the  following  relation: 

Morning  Sector;  Peak  Power-vlO'^  |  AlI  Wm“^;  Average  Power'vAxlO"^  |  AL  |  Wm”^ 
Evening  Sector;  Peak  Power'll .  5x10“^  AU  Wm~  ;  Average  Tower'vbxlO”^  AU  Wm”^ 
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ABSTRACT 

Dissip.ition  ''f  maqri<jtosph<?ric  energy  leads  to  an  upper  atmospheric  disturbance  zone 
wi.ose  extent  varies  with  local  time.  A  statistical  analysis  of  ESRO  4  data  reveals 
th.it  (1)  in  the  af teruoon/eveninq  sector  the  boundary  location  is  determined  by  the 
region  of  tjlectric  current  dissipation  along  the  auroral  oval;  (2)  in  the  midnight/ 
early  morning  sector  dynamical  effects  extend  the  disturbance  zone  to  lower  lati¬ 
tudes;  and  (i)  in  the  late  morning  sector  direct  heating  effects  are  superimposed 
'ui  the  residuals  of  the  early  morning  disturbance. 

INTRODUCTION 

There  are  two  principle  modes  by  which  solar  energy  is  brought  into  the  earth's 
ipper  itmosphero:  (1)  direct  dissipation  of  solar  radiation  energy;  (2)  indirect 
woecti-in  of  solar  wind  kinetic  energy  via  the  magnetosphere.  Wliereas  the  first 
mj.le  iias  long  been  recognized  to  be  the  dominant  one,  the  significance  of  the  solar 
wi rid/maqnetospheric  energy  source  is  more  and  more  appreciated.  This  study  is  con¬ 
cerned  with  the  imprint  the  solar  wind  energy  dissipation  leaves  in  the  upper  atmo- 
Sfiherc.  Sped f ica 1 1 y ,  the  latitudinal  structure  and  extension  of  the  thermospheric 
disturbance  zone  generated  by  the  roagnetospheric  energy  source  is  investigated 
using  density  data  obtained  by  the  polar  orbiting  satellite  ESRO  4  [1]. 

DATA  ANALYSIS  AND  RESULTS 

The  basic  latitudinal  structure  of  a  thermospheric  perturbation  observed  on  a  winter 
afternoon  during  weakly  disturbed  conditions  is  illustrated  in  Fig.  1.  Relative  var¬ 
iations  in  the  molecular  nitrogen  density,  in  the  atomic  oxygen  density,  and  in  the 
lieliuro  density  as  measured  above  the  Asian  continent  are  plotted.  The  density  data 
have  been  adjusted  to  a  common  altitude  of  260  km  using  standard  hydrostatic  tech¬ 
niques.  In  addition  they  have  been  normalized  to  suitable  density  values  observed 
jutside  the  disturbance  region  (e.g.  R^^  =  ([ol260  km)  observed/ ( [O  ]  260  km)sta[idard 
value,  with  Rq  =  1  serving  as  a  reference  value).  Note  that  whereas  molecular  nitro¬ 
gen  is  plotted  on  a  linear  scale, the  oxygen  and  helium  data  are  presented  using  a 
logarithmic  scale.  For  comparison,  the  upper  panel  also  shows  the  exospheric  temper¬ 
ature  inferred  from  the  nitrogen  data. 

The  essential  feature  illustrated  in  Fig.  1  is  a  localized  disturbance  zone  at  high 
invariant  latitudes.  It  is  characterized  by  a  fairly  abrupt  increase  in  the  nitrogen 
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Fig.  I  latitudinal  structure  of  atmo-  Fig.  Latitudinal  structure  uf  atmo¬ 
spheric  perturbation  in  the  afternoon  spheric  perturbation  in  the  forenoon 

sector  during  winter  conditions.  sector  during  oquinc^x  conditions. 

density  (and  accordingly  in  tiie  inferred  gas  temperature),  a  small  decrease  in  the 
oxygen  density,  anti  a  significant  V-shaped  drop  in  the  hi.dium  density.  The'iretical 
studios  [.’,','1]  indicate  that  these  features  are  ttie  typical  thermospheric  signa¬ 
ture  of  energy  deposition  in  the  lower  thermosphere.  The  most  effective  energy 
source  at  these  heights  and  latitudes  are  Pedersen  currents  which  heat  the  ambient 
neutral  gas  through  Joule  dissipation  [e.g.  S,C)1.  Whereas  it  is  difficult  to  mea¬ 
sure  the  Pedersen  currents  (Ip)  directly,  a  sizeable  set  of  d,ata  is  available  on 
the  magnetic  signature  of  Birkeland  currents  (Ig)  which  close  the  current  circuit 
in  the  magnetosphere .  Therefore,  to  support  our  interpretation  the  location  of  the 
equatorward  portion  of  the  field-aligned  currents  (=  region  2  currents  [7])  has 
beer;  compared  to  the  location  of  the  equatorward  boundary  of  the  atmospheric  distur- 
bar;ce  zcjne.  Figure  J  demonstrates  that  in  the  afternoon  local  time  sector  (14-16  MLT) 
and  luring  moderately  disturbed  conditions  (AF.  lOOnT  ,  Kp  o  4_  )  both  boundaries 
are  approximately  collocated.  Furthermore,  it  can  be  shown  that  these  atmospheric 
perturbations  are  always  associated  with  the  trapping  boundary  of  44  l^eV  electrons 
[d]  and,  therefore,  also  with  field-aligned  currents  [9].  We  conclude  that  local¬ 
ized  atmospheric  disturbances  observed  at  high  latitudes  are  a  direct  signature  of 
electric  field  and  current  dissipation  by  the  magnetospher ic  energy  source. 

A  very  different  situation  is  encountered  in  the  early  morning  sector  where  the  dis¬ 
turbance  Ixjundary  is  located  at  middle  Latitudes  and  far  beyond  the  electric  current 
dissipation  region  (Fig.  1).  It  is  suggested  that  the  broad  disturbance  zone  ob¬ 
served  at  these?  times  is  generated  by  strong  winds  blowing  away  from  the  polar  re¬ 
gions  and  carrying  along  heated  air  t,f  pe?rturbed  composition.  This  interpretation 
IS  supfxjrted  by  therjreti <;a  1  predictions  [e.g.  lo]  and  also  by  recent  measurements 
which  establish  the  existence  of  strong  equatorward  directed  winds  commencing 
around  midnight  [11,12].  This  "midnight  surge”  is  a  transient  phenomenon  lasting  a 
few  hours;  the  disturbance  it  generates  in  the  mid-latitude  thermosphere,  however. 
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Fig.  Dibtribution  of  tho  equatorward  boundary  cjf  the 
.itmi-ispiier ic  disturbance  zone  in  two  different  local  time 
sectors  ciurinq  winter  conditions.  The  location  of  the 
equatorward  portion  (Region  2)  of  Birkeland  currents  is 
also  siiown  for  comparison  [7], 


recovers  much  more  slowly,  and  residuals  of  it  can  be  clearly  seen  in  the  late 
morriiiig  sector.  This  is  illustrated  in  Fig.  2,  which  shows  the  basic  latitudinal 
structure  of  a  thermospheric  perturbation  in  the  forenoon  local  time  sector.  Here 
the  broad  zone  of  enhanced  nitrogen  and  argon  densities  and  slightly  decreased  oxy- 
geii  and  heliuni  densities  extending  all  the  way  to  middle  latitudes  is  identified 
with  the  resiciuals  of  the  midnight  surge  perturbation.  In  contrast  the  strong  local¬ 
ized  tiisturbanco  observed  at  high  latitudes  is  again  directly  attributed  to  the 
dissipation  of  electric  currents  in  this  region.  These  ideas  are  summarized  schemat¬ 
ically  in  Fig.  4. 

CONCLUSIONS 

From  this  model  a  number  of  important  conclusions  can  be  drawn.  For  example,  even 
during  relatively  quiet  conditions  there  should  be  a  continuous  energy  transfer 
from  the  polar  to  the  raid-latitude  region  in  the  early  morning  sector:  therefore, 
the  energy  budget  of  this  region  is  not  only  controlled  by  EUV  radiation  but  in 
addition  by  the  dissipation  of  solar  wind  energy  [13].  Also,  the  strong  local  time 
asymmetry  in  the  observed  wind  and  perturbation  structure  makes  it  necessary  to 
revise  the  currently  available  models  of  atmospheric  dynamics  both  during  quiet  and 
disturbed  conditions.  Finally,  we  note  that  whereas  ionospheric  data  are  consistent 
with  our  model  1 14],  explanations  of  ionospheric  storm  effects  based  on  Large  scale 
wind  circulations  during  daytime  hours  are  not. 
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latitudinal  structure  of  atmospheric  perturbations. 
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ABSTRACT 

In  this  paper  we  analyse  from  a  new  point  of  view  the  energy  deposition  due  to 
precipitated  protons  when  they  interact  with  the  atmospheric  components.  The 
method  described  presents  a  different  way  of  calculating  the  proton  interaction 
and  allows  us  to  obtain  the  production  rate  and  fluxes  of  the  generated  electrons 
as  function  of  height  and  energy.  Also  the  model  gives  the  possibility  of 
estimating  independently  the  effects  of  protons  and  resulting  secondary  and 
tertiary  electrons  in  protons  events. 

INTRODUCTION 

An  extensive  description  of  the  way  protons  interact  with  the  atmosphere  has  been 
published  by  Eather  [ij,  |2).  More  recent  calculations  presented  by  Edgar  et  al. 
[3],  [a],  Sum  |5|,  Singh  et  al.  [b]  show  the  inclusion  of  new  cross  section  data 
that  can  describe  quite  accurately  ionization  and  excitation  processes.  All  these 
publications  give  a  detailed  description  of  the  behaviour  of  protons  when  they 
penetrate  in  the  atmosphere  showing  that  precipitated  energetic  particles  are  the 
major  cause  of  light  emission  and  enhanced  ionization  processes.  The  conclusions 
emphasize  the  relevance  of  secondary  electrons  in  the  ion  production  rate  with 
their  contributions  being  implicitly  included  in  total  ionization  curves.  Several 
authors  |2],  [3],  1a],  [b]  also  show  the  energy  distribution  of  secondary 
electrons  created  in  the  total  trajectory  of  the  protons,  but  none  of  them  show 
the  fraction  of  ionization  and  energy  spectra  as  a  function  of  altitude  resulting 
from  secondary  electrons. 

It  is  the  purpose  of  this  paper  to  present  a  different  approach  to  the  problem 
which  allows  us  to  calculate  proton  ionization,  the  ionization  produced  by  the 
generated  secondary  electrons  and  the  corresponding  fluxes  as  function  of  height 
and  energy. 


PROTON  IONIZATION  AND  ELECTRON  FLUXES 

The  basic  processes  that  a  proton  beam  can  undergo  in  its  interaction  with  the 
atmospheric  components  are  well  known.  An  incoming  proton  loses  energy  primerily 
by  ionization,  excitation,  electron  capture  collisions  and  "stripping"  [3],  [A] . 
Therefore,  if  a  proton  beam  interacts  with  the  atmospheric  components,  by  the 
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effect  of  the  charge-changing  collision.s  a  mixed  flux  of  proton  and  H  atoms  is 
generated,  in  which  the  fractional  compo.sition  is  a  function  of  energy.  In  an 
equilibrium  state  the  corresponding  fractions  are  given  by: 
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where  0  and  1  denote  the  charge  state,  and  is  the  cross  section  for  stripping 

and  the  cross  section  for  capture  f?]. 

The  rate  of  production  of  ions  of  species  i  at  height  Z  by  protons  and  hydrogen 
atoms  of  energy  F.  is  given  by: 


q  (E,Z)  =  *(E,Z)  N  (Z)  (o^  (E)  F  (E)  +  o”  .(E)  F  (E))  (1) 

1.  X  L^X  I  I^X  ri 

p  p 

where  Oj  and  ^  are  the  ionization  cross  sections  of  constituent  i  by  protons 
and  H  atoms  as  described  bv  Green  and  McNeal  |7'  and  Edgar  et  al.  il],  l4|,  (Z) 

is  the  number  density  of  neutral  species  i  at  height  Z,  and  ifCE.Z)  is  the  flux  of 
protons  and  H  atoms.  For  the  proton  energy  variation  we  follow  Banks  and  Kockarts 
[s].  We  must  also  consider  the  contribution  from  charge  exchange  processes  |9|, 
that  is 
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Therefore  the  total  number  of  ions  for  a  constituent  i  will  be: 


(2) 


q.(E,Z)  =  q.^j(E,Z)  +  qj^ioCF.Z) 


(3) 


To  obtain  the  ion  production  in  the  case  of  an  incident  monoenerget ic  isotropic 
flux,  expression  (3)  must  be  integrated  over  the  solid  angle,  and  in  the  case  of 
a  differential  flux  must  be  also  integrated  over  the  flux  energy  range. 

To  calculate  the  electron  fluxes  generated  by  the  interaction  of  protons  with  the 
atmospheric  components  we  follow  the  method  presented  by  Gagliardini  et  al .  [lo] . 
According  to  it  the  electron  fluxes  are  given  by: 


«  (E  ,Z)  = 
e  s 


N  (E  ,Z) 
se  s 
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0,.j(P.^))  »,(Z) 


where  (Eg,Z)  is  the  total  number  of  secondary  electrons, 
®EX,ij(Es)  are  the  ionization  and  excitation  cross  sections 
process  j  respectively. 


(4) 

for  element  i  and 


DISCUSSION  OF  THE  RESULTS  AND  COMPARISON  WITH  THOSE  OF  OTHER  METHODS 


Using  the  method  described  above  we  show  in  Figure  1  the  results  obtained  for 
incident  isotropic  monoenergetic  beams  of  energies  E  =  0.3,  1  and  3  MeV.  The 
ionization  due  to  protons  and  generated  secondary  electrons  is  represented. 

Several  authors  [3],  [4|,  [s]  use  a  continuous  slowing  down  model  and  an  empirical 


A  1 1)1'  Proton  1  n t iTai' t  i on  in  the  Atmospliere 


Fig.l  tonization  rates  of  protons  and 
generated  secondary  electrons  for 
incident  isotropic  fluxes  of  energies 
E  =  0.3MeV,  H  =  IMeV  and  E  =  3MeV. 


Fig. 2  Total  ionization  rates  using 
empirical  loss  function,  calculated 
ionization  loss  function  and  present 
method . 


energy  loss  function  L(E)  [ll]  to  calculate  the  ion  production.  Figure  2  in  Edgar 
et  al.  [3]  and  Figure  3a,  3b  in  Edgar  et  al.  [a]  show  the  total  loss  function  for 
N2,  O2  and  0  following  the  seraiempirical  expression  given  by  Graen  and  Peterson 
fll],  together  with  the  loss  function  due  to  ionization,  charge  exchange,  elastic 
and  excitation  processes  and  their  sum.  If  one  compares  the  semiempirical  loss 
function  with  the  curve  that  corresponds  to  ionization  it  can  be  observed  that  the 
agreement  is  good  over  1  MeV,  but  for  lower  energies  the  difference  increases 
reaching  a  factor  greater  than  2  for  10  KeV.  Also,  in  this  region  the  proton 
generates  the  greatest  quantity  of  ions;  therefore,  for  the  calculation  of  the  ion 
production  rate  it  is  more  precise  to  use  the  loss  function  due  to  ionization  and 
not  the  total  or  the  semiempirical  one.  This  can  be  seen  in  Figure  2  where  the 
results  obtained  by  our  method  and  by  the  one  described  by  the  authors  mentioned 
above  are  represented  showing  a  strong  agreement,  if  calculated  ionization  loss 
function  is  used. 


Figure  3  shows,  as  one  example,  secondary,  tertiary  and  total  fluxes  of  the 
electrons  generated  by  a  proton  beam  of  energy  E  =  IMeV  at  an  altitude  of  92  km. 
It  can  be  seen  that  for  energies  greater  than  35eV  the  contribution  of  the 
electron  created  by  secondary  electrons  is  negligible.  On  the  other  hand,  for  low 
energies  tertiary  electrons  become  as  important  as  secondaries.  Therefore,  they 
have  to  be  taken  into  account  in  excitation  processes. 

CONCLUSIONS 


A  new  method  for  the  calculation  of  ionization  by  a  proton  beam  interacting  with 
the  atmosphere  was  presented.  In  spite  of  the  uncertainty  in  the  cross  sections 
it  was  possible  to  obtain  separately  the  proton  ion  production  and  the  fluxes  of 
generated  electrons.  This  constitutes  a  great  advantage  in  the  study  of  effects 
such  as  emission  and  excitation  processes  presented  in  proton  events.  Any  improve¬ 
ment  in  the  cross  section  data  will  also  benefit  our  calculations  increasing  the 
possibilities  of  obtaining  a  better  description  of  the  behaviour  of  any  incoming 
proton  spectrum  interacting  with  the  atmosphere. 
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Fig. 3  Secondary,  tertiary  and  total  fluxes  of  electrons 
generated  by  an  incident  isotropic  beam  of  protons  of 
energy  E  =  IMeV. 
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ABSTRACT 

The  development  of  significantly  improved  representations  of  solar  EUV  inputs  for 
computer-aided  investigations  of  the  terrestrial  thermosphere  and  ionosphere  has 
become  attractive  particularly  for  the  present  solar  cycle  which  has  been  covered 
by  reasonably  complete  and  continuous  EUV  observations  from  the  AE-E  Satellite. 
These  representations  try  to  satisfy  some  rather  incongruous  requirements  of  spec¬ 
tral  detail,  regarding  (a)  the  strong  wavelength-dependence  in  the  terrestrial 
atmospheric  cross  sections  of  the  various  types  of  EUV  photon  interactions,  (b) 
the  great  differences  in  the  relative  amplitudes  of  the  various  types  of  variations 
in  the  full-disk  fluxes  of  solar  emissions  at  different  wavelengths,  and  (c)  the 
persisting  desire  to  use  only  a  small  number  of  daily  indices  as  actual  input 
variables  for  computational  models  supposed  to  cover  the  entire  EUV  wavelength 
range  (remembering  the  great  success  of  empirical  thermospheric  models  using  only 
two  indices) .  These  general  physical  and  specific  aeronomical  demands  indeed  out¬ 
line  a  very  difficult  task.  The  present  study,  based  mainly  on  AE-E  satellite 
observations  during  1976-1979,  represents  an  exploratory  step,  only  clarifying 
some  important  developmental  aspects,  without  recommending  any  specific  formula¬ 
tions  for  immediately  practicable  adoption  in  aeronomical  modelling  at  this  time. 

INTRODUCTION 

The  crucial  qualitative  and  quantitative  role  of  appropriate  data  on  the  incident 
fluxes  of  solar  EUV  radiation  for  ionospheric  physics  and  for  aeronomy  in  general 
has  been  discussed  in  many  individual  studies  as  well  as  in  review  articles  pub¬ 
lished  over  the  past  ten  years  [1,  2,  3,  4,  5,  6,  7,  8,  9,  10,  11,  12,  13]. 

Specific  formal  representations  of  incident  solar  EUV  variability  adopted  in 
theoretical  models  of  the  thermosphere  or  ionosphere  exhibit  a  variety  of  impor¬ 
tant  differences  in  the  basic  concepts,  in  the  degree  of  spectral  detail,  and  in 
the  applicability  to  variable  solar  conditions.  This  variety  indeed  shows  a 
concentration  toward  two  extremes,  namely 

(a)  the  traditional  method  of  representing  the  EUV  variability  in  terms  of  Non-EUV 

parameters  such  as  the  solar  radio  emission  at  2800  MHz  7^  used  as  input  for 

well-known  empirical  models  of  thermospheric  structure  such  as  the  MSIS  model  [14, 
15]  or  the  Jacchia  Models  [16] . 

(b)  the  other  extreme  is  that  of  using  a  fully  detailed  reference  spectrum  of 
incident  solar  EUV  fluxes  such  as  F74113  [17]  which  contains  over  thousand  indi¬ 
vidual  wavelength  records,  but  is  applicable  only  to  a  specific  reference  date 
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(e.g.  23  April  1974) . 


Distribution  of  Solar  EUV  Sources  and  their  Variability 

-2 

The  solar  EUV  fluxes  incident  on  top  of  the  earth's  atmosphere,  IqX  [photons  m 
sec”^),  consist  of  many  different  types  of  emissions  stemming  from  grossly  differ¬ 
ent  sources  in  the  solar  atmosphere.  Hence  it  is  not  surprising  that  both  short¬ 
term  and  long-term  variabilities  of  are  generally  strongly  X-dependent,  often 

even  within  small  wavelength  intervals.  Furthermore,  the  brightness  distribution 
of  virtually  all  solar  EUV  emissions  across  the  visible  part  of  Sun  (the  solar 
dis)c)  is  generally  far  from  uniform,  showing  more  or  less  drastic  contrasts 
between  quiet-disl^  areas  and  active -region  areas.  The  latter  are  relatively  un¬ 
important  only  under  nearly  ideal  conditions  of  solar  minimum  such  as  those  met 
by  AE-E  satellite  spectrometer  observations  in  the  period  of  13-28  July  1976. 


Both  the  neutral  atmosphere  and  the  ionosphere  obviously  respond  only  to  the 

total,  so-called  "full-dislc  fluxes"  of  solar  EUV.  Therefore,  a  division  of  I„ 

O  A  ^ 

into  a  "quiet-disk  component  and  an  active-region  component",  I  ' 

might  appear  superfluous  for  aeronomical  applications.  However,  it  is  clearly 
important  to  distinguish  various  tyjjes  of  temporal  variations,  e.g.  the  well- 
known  27-day  variation.  Even  the  EUV-variability  representations  used  in  the 
strictly  empirical  thermospheric  models  distinguish  between  a  long-term  component 
and  daily  component  in  the  commonly  used  index  of  solar  activity,  i.e.  the  2800 
MHz  solar  radio  flux.  Using  this  "Non-EUV  Index,”  one  distinguished  a  daily 
index,  F]^q_7  (same  or  previous  day),  from  a  slowly  variable  index  <Fio  7^  (e.g. 
defined  as  81-day  running  mean  value) . 


Observations  of  solar  cycle  variations.  All  branches  of  the  physics  of  the  upper 
atmosphere  experienced  an  enormous  enrichment  by  the  advent  of  rockets  and 
satellites  used  as  powerful  new  tools  of  experimental  space  research.  The  latter 
led  to  a  fairly  rapid  progress  in  many  areas  of  aeronomy.  Unfortunately,  the 
progress  toward  estcJilishing  observational  data  on  full-disk  solar  EUV  fluxes, 
including  all  essential  spectral  detail  as  well  as  the  various  types  of  temporal 
variabilities,  appears  rather  painfully  slow  from  the  viewpoint  of  the  quantita¬ 
tive  requirements  of  advanced  theories  of  ionospheric  physics  and  aeronomy  in 
general . 


The  aeronomical  significance  of  this  situation  has  been  reviewed  by  various 
investigators  (1,  4,  7,  9,  10,  11].  Therefore  it  suffices  here  to  show  some 
diagrams  of  observed  variations  of  solar  EUV  irradiance  for  the  last  phase  of 
sunspot  cycle  20  (Fig.  1)  and  to  illustrate  the  development  of  the  present  cycle 
21  (Fig.  2) ,  which  appears  to  have  gone  through  its  maximum  in  November  1979. 

Fig.  3  gives  a  simplified  overview  to  serve  as  a  visual  aid  in  our  discussions. 

To  avoid  costly  changes,  the  original  notation  of  wavelengths  in  these  figures 
was  not  converted  from  A  to  the  use  of  nm  adopted  in  the  present  text  only. 

EUVS  experiment  on  the  satellites  AE-C  and  AE-E.  Satellite  observations  of  solar 
EUV  irradiance  at  wavelengths  from  14  to  185  nm,  performed  by  the  so-called  EUVS 
experiment  [18]  on  the  satellites  AE-C  (1974-1978)  [4,  19,  20]  and  AE-E  (1976  to 

present)  [11,  12,  13],  have  revealed  remarkable  differences  between  the  solar 
cycle  20  and  the  present  cycle  21.  Preliminary  results  were  shown  as  a  brief 
summary  (Fig.  3)  at  the  symposium  on  the  Solar  Cycle  and  Dynaimics  Mission  of 
NASA  (Wellesley,  Massachusetts,  15  June  1978)  and  discussed  in  more  detail, 
including  data  to  June  1979,  in  a  review  presented  at  the  XVII  lUGG-IAGA  meeting 
(paper  24.01,  Canberra,  12  December  1979,  informal  distribution  of  extended 
abstracts  not  followed  by  formal  publication) .  A  more  recently  improved  data  set 
extended  to  the  end  of  1979  is  illustrated  here  as  Fig.  2a.  Within  the  scope  of 
the  present  paper,  these  diagrcuns  are  included  merely  as  a  visual  aid.  A 
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discussion  of  observational  details  and  computer  data  availability  through  the 
National  Space  Science  Data  Center  (NSSDC)  and  World  Data  Center  A  for  Solar- 
Terrestrial  Physics  will  be  submitted  for  publication  elsewhere. 

REQUIREMENTS  OF  SPECTRAL  DETAILS 

The  aeronomical  (ionospheric)  requirements  for  details  of  the  solar  EUV  spectrum 
can  be  divided  into  two  categories,  in  accordance  with  typically  different  objec¬ 
tives  summarized  as  follows: 

(1)  To  use  a  small  number  of  EUV  variability  indices  for  approximate  representa¬ 
tions  of  the  temporal  variability  of  the  irradiance,  ,  for  all  )cnown  solar 
omission  wavelengths  throughout  the  total  range  of  interest,  say  for  X  -  200  nm, 
or  at  least  for  the  range  of  14-18!>  nm,  which  is  most  important  for  thermospheric 
or  ionospheric  studies  and  also  represents  the  range  of  the  now  existing  long-term 
observations  for  the  present  solar  cycle  21. 

(2)  To  account  for  the  known  spectral  details  of  EUV  i:>hoton-interaction  cross 
sections,  at  least  for  the  major  constituents  of  the  upper  atmosphere . 

Attempts  at  approaching  the  latter  objective  (2)  by  the  crude  substitution  of 
"effective  values"  of  cross  sections  for  a  very  small  number  of  very  wide  wave¬ 
length  intervals,  pursued  in  earlier  stages  of  ionospheric  and  aeronomical  theo¬ 
ries,  have  been  rejected  in  various  recent  developments  of  computer-aided,  quanti¬ 
tative  theoretical  models.  For  the  latter,  the  actual  use  of  known  details  in 
cross-section  data  is  obviously  much  more  sensible  than  any  simplistic  substi¬ 
tution  of  poorly  defined  mean  values.  A  compression,  if  deemed  necessary  at  all, 
is  now  acceptable  for  quantitative  applications  only  if  a  relatively  large  number 
of  wavelength  intervals  is  used.  This  situation  is  illustrated  by  the  selection 
of  37  wavelength  intervals  offered  in  a  recent  paper  on  ionization  frequencies 
[12]  from  which  examples  have  been  extracted  here  only  in  the  form  of  Table  1. 

The  37  intervals  [12]  are  essentially  the  same  as  those  used  by  Heroux  and 
Hintereqger  (171  only  in  their  summary  table,  whereas  their  detailed  aeronomical 
reference  spectrum  F74113  includes  1957  different  wavelength  records  [17] .  com¬ 
pared  with  the  latter,  the  number  of  37  intervals  is  obviously  small  even  though 
this  same  number  would  appear  unattractively  large  with  respect  to  objective  (1) 
above . 

Regarding  the  objective  (1)  from  the  viewpoint  of  thermospheric  model  developments, 
one  can  hardly  ignore  the  very  remarkable  success  of  models  such  as  MSIS  [14,  15] 
or  the  Jacchia  Models  (e.g.  [16])  which  have  used  no  more  than  two  variability 
indices  (Fj^q  ^  and  7  >  noting  that  the  solar  10.7  cm  flux  indeed  penetrates 

the  upper  atmosphere  without  any  physical  interactions. 

Shortcomings  inherent  in  the  simple  use  o  ^'^10.  j  and  >  as  "EUV"  indices 

have  been  discussed  by  many  investigators  in  the  past.  However,  the  level  of 
verified  inconsistencies  between  actual  aeronomical  observations  and  correspond¬ 
ing  model  predictions  is  apparently  not  serious  enough  to  advocate  the  use  of  a 
very  large  number  of  solar  variability  indices  for  the  practical  approach  to 
objective  (1).  Hence,  a  subdivision  of  the  EUV  spectrum  into  the  37  intervals 
of  Table  1  (a,b)  with  37  interval-peculiar  variability  indices  would  not  be  con¬ 
sidered  desirable.  On  the  other  hand,  an  even  finer  subdivision,  involving  more 
than  37  intervals,  would  be  needed  to  avoid  the  obviously  undesirable  mixing  of 
solar  emissions  of  significantly  different  variability  character  in  the  same 
interval.  For  instance,  the  interval  3  of  Table  1  (a),  15-20  nm,  includes 
emissions  of  FeVIII  through  FeXIII  which  are  known  to  show  differences  in  the 
relative  variabilitv  amnlituHes  hv  as  much  as  a  factor  of  t'-io  that  should  not  be 
disregarded . 
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Thf  {.arts  (a)  anil  (b)  of  Table  1  r<-fer  only  to  ionizinq  KUV  of  wavelengths  short- 
■■vaiai  of  10.’. 7  nm,  i.o.  omittinq  the  D  region  sources,  11  Ly-q  as  well  as  x-rays  of 
■' '  '  1  nm.  Kesiilt.s  of  recent  calculations  of  unattenuated  ionization  frequencies 

!  1 j  as  a  function  of  solar  cycle  21  are  abstracted  here  in  Table  1  (c)  ,  restric— 
ft.'!  to  show  only  data  averages  for  1  5-2H  July  1976  in  comparison  with  the  near- 
m.iximum  conditions  of  solar  activity  of  19  February  1979.  Table  1  (d)  shows  the 
.same  tvi'e  of  c  omparison  for  the  unattonuated  O , -dissociation  frequency  reported 
by  Terr  et  al  [111. 

Tlu'st.'  cons  iderat  ions  lead  to  the  conclusion  that  the  method  of  subdividing  the 
FLT’  spectrum  into  a  sufficiently  great  number  of  wavelength  intervals  is  indeed 
a  noLCssity  with  respect  to  objective  (2) ,  but  it  is  certainly  an  undesirable 
.ip:-  roa>;h  to  objective  ( 1 1  above . 

MOPFI.  RKPRESENTATIONS  OF  EUV  VARIABILITY 

■.I'lR  various  possible  rojiresentations  of  EUV  variations  by  models  using  a  certain 
nomlvr  of  daily  indices  can  be  divided  into  categories  depending  on  the  physical 
nature  of  the  quantities  used  as  indices  and  on  the  number  of  such  indices 
actually  used.  For  instance,  one  may  regard  the  conventional  indices  Fj^q  y  and 
■  *  111. 7  '  t-’ither  as  two  different  indices  or  as  two  different  quantities  based  on 
the  same  basic  index,  i.  >-’•  f'lO.7-  However,  the  more  important  distinction  is  that 
of  identifying  both  F^^y  and  '’Fjq  y ^  as  "Non-EUV  Indices".  Other  Non-EUV  Indices 
cf  solar  activity,  actually  used  bat  rarely  in  aeronomical  studies,  are  the  daily 
values  of  Zurich  sunspot  numbers  or  the  Call  plago-area  index  [22] . 

The  otJier  major  category  of  variability-model  parameters  is  that  of  "EUV  Indices" 
(9,  21],  defined  as  a  sot  of  daily  values  of  the  incident  solar  full-disk  flux 
for  some  given  EUV  wavelength (s)  or  wavelength  interval(s). 

The  basic  characterization  of  any  EUV-variability  model  requires  not  only  a  state¬ 
ment  of  the  type  of  daily  indices  used  as  variables  but  also  a  detailed  statement 
of  the  specific  formulations  converting  the  input  of  these  daily  indices  into  a 
sufficiently  detailed  list  of  EUV  flux  values  for  the  given  date.  The  most 
e.ssential  part  of  the  latter  statement  may  bo  generally  described  as  a  list  of 
adjustment  constants.  The  size  of  this  array  of  constants  will  of  course  depend 
on  the  degree  of  spectral  detail.  Since  the  latter  indeed  should  involve  more 
than  the  37  wavelength  groups  of  Table  1  (for  reasons  already  discussed  in  the 
preceding  section  of  this  paper),  these  types  of  variability  models  are  obviously 
recommended  only  for  computer-aided  investigations.  Accepting  this  fact,  one  is 
left  w'ith  no  seriou.s  objection  against  the  actual  use  of  a  fully  detailed  refer¬ 
ence  sx^ectrum . 

"Non-EUV  Indices"  Used  "Without  EUV-Observat ion  Fits" 

The  traditional  type  of  EUV  variability  representation  in  terms  of  the  daily 
indices  Fjgg  and  ^Fj^g_7>  used  in  the  well-established  thermospheric  models  (e.g. 
MSIS  of  Jacchia  Models)  actually  by-passes  the  entire  problem  of  spectral  detail 
in  both  solar  EUV  emission  and  terrestrial  atmospheric  absorption.  They  define 
specific  formulations  f'nc  the  conversion  of  the  daily  indices  into  the  desired 
model  values  of  thermospheric  constituent  densities  and  temperatures,  using  a  list 
of  adjustment  constants  deterinined  empirically  by  fitting  to  a  very  large  data 
base  which  includes  satellite-drag  observations  and  results  of  in-situ  measure¬ 
ments  of  thermospheric  quantities,  none  of  which  are  formally  related  to  any 
characteristics  of  the  EUV  spectiuiu. 

The  recently  published  simple  plage-related  model  (CBV)  of  Cook  et  al  122] 
expressing  variations  of  irradiance  in  the  range  of  117.5-210  nm  as  a  function  of 
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the  fractional  c^overaqe  of  the  solar  disk  by  active  rcqion.s  wa.s  not  recommended 
for  any  quantitative  aoronomical  apid  ii  at ions  by  the  authors  1221. 

".Mon~EUV  Indices"  Used  "With  EUV-  Observation  Fits" 

One  of  the  academical  1 y  most  dissatisfactory  aspects  of  the  model  treatment  of 
the  "EUV-effect"  with  the  solar  radio  flux  at  2800  MHz  consisted  in  the  empirical 
need  to  use  a  two-eomponent  cxpre.ssion,  i.o.  Fiq.V  (<^aily  value  for  the  qivon 
date,  or  the  previous  day)  as-  well  a.s  a  +-40  day  mean  va  1  ue  ■  Fjq  -j  >,  where  the 
latter  generally  dominates  the  former  in  the  over-all  formulation  used  to  calcul¬ 
ate  model  values  of  exospheric  temperatures. 

On  many  occasions,  various  authors  of  thermospheric  models  liave  emphasized  that 
tliey  never  intended  to  su<jgest  that  the  thcrmosp-heric  structure  actually  respond.s 
to  solar  conditions  over  the  past  40  days,  let  alone  the  nonsensical  assumption 
of  any  response  to  40  days  of  the  future.  This  means  that  the  use  of  7^ 

merely  expresses  a  pragmatical ly  ju.stified  method  of  accounting  for  the  long-term 
variabi 1 ity  in  solar  activity,  as  distinguished  from  day-to-day  variability  or 
the  well-known  variations  with  the  27-day  period  of  solar  rotation. 

Our  preliminary  study  of  AE-E  observations  during  1976,-1979  has  included  regres¬ 
sion  analysis  for  several  imiiortant  solar  EUV  emissions.  These  analyses  were 
carried  out  for  two  typos  of  associations  with  2800  MHz  fluxes,  i.e.  (A)  fitting 
Fi  (EUV)  data  to  a  linear  expression  of  the  type  ^q^^I^IO  ?  fitting  to  the 

two-component  expression,  Bq+B  F^q  _  7  >  +82  (Flo.  7"*^  *^10  7 '  Table  2  shows  the 
results  for  both  types,  '^'a  and  'Ig  (using  only  the  period  from  June  1977  to  August 
1979]  in  comparison  with  modified  types  of  fitting,  4^  and  4  [  forcing  4  ^  and 

to  reproduce  the  F76REF  fluxes  (1.1-28  July  1976)).  A  comparison  of  • ne  correla¬ 
tion  coefficients  for  fit  types'!^  (I'glversus  type  leads  to  the  rather 

illuminating  conclusion  that  EUV  fluxes  indeed  correlate  with  the  parameter 
•'-Flo  2  >  more  strongly  than  with  the  daily  7.  This  result  is  not  surprising, 
since  any  opposite  finding  would  have  left  us  without  any  sensible  exjjlanation 
for  the  indisputably  great  success  of  thermospiher ic  models  such  as  MSIS  or  the 
Jacchia  Models. 


EUV  Class-Variability  Model 

The  purpose  of  the  present  model  is  that  of  transforming  a  fully  detailed  EUV 
reference  spectrum,  F^; ,  into  equally  detailed  flux  data  for  some  other  date,  ^dA  ' 
without  actually  requiring  new  data  for  each  of  the  thousand  or  more  individual 
Wavelengths  listed.  Cycle  21  is  the  first  solar  cycle  for  which  the  same  instru¬ 
ment  observed  EUV  fluxes  over  the  long  i:iGriod  from  the  end  of  one  cycle  through 
the  maximum  of  the  next  S'.,lar  cycle.  For  the  analysis  of  these  observations,  it 
seemed  most  reasonable  to  select  a  base-line  reference  for  a  suitable  period 
within  cycle  21  rather  than  the  aforementioned  F74113.  Our  specific  selection  of 
the  period  13-28  July  1976  as  reference  for  cycle  21  (F76REF)  has  been  motivated 
mainly  by  two  considerations.  First,  the  day-to-day  variations  within  that  period 
of  spotles.s  sun  with  no  visible  active  regions  were  found  to  be  practically  negli¬ 
gible,  allowing  a  great  enhancement  of  statistical  significance  of  even  weak  line 
signals  by  averaging  all  good  instrumental  scan  records  obtained  during  that 
period.  Secondly,  it  seemed  also  profitable  theoretically  to  work  with  a  refer¬ 
ence  sjiectrum  reflecting  the  simplest  possible  solar  conditions  within  this  solar 
cycle,  where  the  full-disk  fluxes  have  essentially  no  active  region  contributions. 

Definition  of  "variability  classes".  Letting  the  subscript  K  =  0,  1,  2,... desig¬ 
nate  a  class  identification,  defining  as  the  F76REF  value  of  flux  and  denoting 
the  corresponding  updated  flux  as  Fpp^ ,  we  use  the  relation 
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R  =  F  /F  =  1  +  (R  -DC  (1) 

\  U>  OX  K  A 

who  It'  K,  K(X)  and  are  listed  for  each  X  in  F76REF  and  Rj,  is  the  ratio  of 

P’  ,  ,'r  for  one  or  more  wavelengths  listed  with  —  1  and  same  class  K.  Hence, 
tfie  qviantltX' 

will  be  briefly  called  "c:lass  ratio"  below. 

The  physical  implication  of  these  relations  is  obvious,  i.e.  the  fluxes  in  all 
omissions  (>)  of  the  same  class  (K)  and  same  adjustment  constant  (C^)  are  assumed 
to  vary  identically. 

If  one  were  to  consider  only  one  specific  date  outside  the  reference  period,  with 
someiiow  qiven  values  of  all  fluxes  F^^^  ,  the  problem  of  appropriate  classification 
would  bo  trivial,  i.e.  we  could  in  pirinciple  define  any  total  number  of  classes. 
However,  in  practice  ob.servational  data  for  a  qiven  date  are  often  incomplete  in 
spectral  coverage,  the  currently  available  instrumental  resolving  power  of  the 
EUVS  experiment  falls  short  of  actually  separating  all  separately  listed  lines 
(e.g.  the  "30.4  nm"  signal  includes  both  the  chromospheric  Hell  and  the  coronal 
SiXl  linos  which  are  only  0.03  nm  apart) ,  and  emissions  at  X  <  14  nm,  listed  in 
F'^fREF  a.s  well  as  F74111  [17],  are  indeed  outside  the  instrumental  range  of  the 
ELA/.s  experiment.  Tlie  latter  considerations  alone  would  of  course  not  justify  the 
present  class-model  development  outlined  here.  The  primary  goal  of  this  model 
design  is  to  express  EUV  flux  variabilities  in  terms  of  a  reasonably  small  number 
of  variable  class  parameters,  Rj,,,  in  connection  with  sets  of  adjustment  param¬ 
eters  ,  Cj ,  treated  as  constants  (over  a  reasonably  limited  date  range). 

The  first  phase  of  this  development  as  reported  here,  was  based  on  the  definition 
of  only  three  variability  classes  (K  =  0,  1,  2)  with  the  following  "key  wave¬ 
lengths"  (defined  by  setting  f  1);  X|^(K=0)  =  XX  177.5-185  nm  (quasi-continuum); 
A|,;(K=1)  =  58.433  nm  (Hel);  Xj^(K=2)  =  33.541  nm  (FeXVI)  ;  assigning  class  K=1  to 
the  various  solar  emissions  with  ionization  potentials  E  <  200  eV  and  K  =  2  for 
those  with  Fp  ;  200  eV.  The  class  K  =  0  consists  of  those  emissions  in  the  range 
110-185  nm  identified  as  "quasi-continuum",  denoted  as  QUASI (C)  in  F76REF  (as 
well  as  F74113).  The  latter  should  be  distinguished  from  various  individually 
identified  lines  of  class  K  /  0  listed  in  the  same  range  of  wavelengths.  Our  pre¬ 
liminary  analysis  of  observations  in  the  range  from  135-185  nm  suggests  that  the 
quasi -continuum  of  the  entire  range  can  be  rather  well  approximated  by  setting 

(F  ,/F  „  =  R  exp[0.0076(R  -1 )  ( 177 . 5-X/nm)  1  for  X  5  177.5  nm  (3) 

DA  oX  K=0  o  o 

A  similar  approximation  for  the'  hydrogen  Lyman-continuum  is  given  as 

T  c  V  =  R,exp[0.00032(R  -1)  (91.2-X/nm)]  (4) 

DX  oX  H  Ly-Cont.  1  1 

Trade-off  between  simplicity  and  accuracy.  For  some  aeronomical  studies  the  use 
of  a  fairly  accurate  representation  restricted  to  a  relatively  short  time  period 
may  be  more  important  than  the  applicability  over  a  much  longer  period  for  which 
the  use  of  a  qiven  set  of  constant  values  of  C)^  in  general  leads  to  more  signifi¬ 
cant  inaccuracies  of  the  representation  for  each  section  of  the  long  period.  This 
"trade-off"  condition  is  inherent  in  the  method  of  determining  best-fitting  values 
of  Cj  for  some  given  period  of  existing  observations.  If  this  period  is  extended 
over  a  truly  long  time  span,  say  2-3  years,  the  best-fitting  values  indeed 
differ  more  or  less  significantly  from  those  found  by  fitting  a  shorter  period  of 
observations.  Table  3  shows  a  comparison  taken  from  our  exploratory  study,  given 
here  for  illustrative  purposes  only.  The  values  of  of  Table  3  agree  only 
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crudely  with  those  written  into  FVbRKF  (AE-Comp-utet  i‘«iie  of  Iw  May  1979).  The 
latter  were  most  lieavily  weiqhted  toward  best  accuracy  for  the  rejTi'sentation  of 
the  pre-maximum  of  solar  activity  of  Jan-Fcb  1979. 

Limitations  in  Physical  Significance.  The  sp'C'cific  fc.rm  of  equ .  (1)  might  suggest 

th.e  adoption  of  an  attractively  simple  physical  model,  th.it  is  to  regard  the  in¬ 
crease  of  full-disk  solar  EUV  fluxes  after  1976  as  a  straightforward  consequence 
of  the'  increasing  number  of  active  regions,  with  playirn)  the  role  of  products 
of  active-region  areas  and  specific  relative  contrast  ratios  of  active-region/ 
quiet-disk  brightness,  i.e.  assuming  that  there  is  no  solar-cycle  variation  of 
variabilitv'  in  these  contrast  ratios.  However,  these  assumptions  are  justified 
only  as  a  greatly  simplified  concept.  The  api.iarently  significant  differences  of 
C ^-values  obtained  as  best-fitting  for  different  time  periods  within  cycle  21 
indeed  suggest  that  at  least  the  first,  or  possible  both  of  these  simplifying 
assumptions  should  be  abandoned,  at  least  for  quantitative  applications.  The  same 
criti'ism  applies  to  the  recently  pniblished  CBV  model  [22). 

CONCLUSIONS 

Pilot  studies  performed  on  AE-E  satellite  data  on  solar  EW  fluxe.s  for  the  rising 
part  of  the  sunsp'ot  cycle  21  have  demonstrated  the  feasibility  of  expressing  the 
variability  of  solar  EUV  fluxes  in  acronomical ly  attractive  terms  involving  a 
relatively  small  total  numlior  of  date-dependent  variablo.s  sup'>ported  by  the  rela¬ 
tively  large  number  of  wavelength-peculiar  parameters.  Th‘,-  latter  can  be  assumed 
as  a  sot  of  conveniently  invariant  constants  _pnj.j’_  as_  long  as  the  date  range  of 
desired  applicability  is  reasonably  limited . 

While  this  is  unfortunate  from  the  viewpoint  of  dr.-sirirv;  :-:imi.li<  ity  for  aeronomi- 
cal  calculations,  it  is  clearly  not  surprising  from  the  vif-wjtoinf  of  solar  phys¬ 
ics,  if  one  appreciates  the  great  variety  of  different  types  of  active  regions 
including  differences  in  their  evolution  over  different  life  times  (o.g.  recur¬ 
ring  after  one  or  more  solar  rotations  with  a  generally  not  constant  EUV  emission 
spectrum) .  It  is  the  latter  viewjioint  from  which  one  can  hardly  expect  that  an 
aeronomical ly  adequate  accuracy  could  be  offered  by  any  simjile  two-component 
variability  model  based  on  either  Call  plage  area  indices  of  without  involving 
any  massive  data  base  of  actual  EUV  flux  observations  over  the  desired  period  of 
suggested  applicability.  Also,  it  seems  hardly  surprising  that  sets  of  EUV- 
observation-based  model  constants,  determined  for  some  reasonably  limited  date 
ynce,  can  give  more  or  less  grossly  misleading  results,  if  the  same  set  of  con¬ 
stants  were  applied  to  the  description  of  solar  EUV  for  a  different  time  period 
t,f  the  siime  solar  cycle ,  or,  most  drastically,  for  a  different  solar  cycle. 

Discounting  the  numerical  details  of  our  exploratory  studies  for  the  moment,  one 
can  rather  safely  conclude  the  following:  (a)  Representations  of  solar  EUV  for 
quantitative  studies  should  allow  the  construction  of  a  date-peculiar  detailed 
spectrum  of  incident  fluxes  even  if  the  variability  model  uses  only  a  few  date- 
dependent  variables;  (b)  Representations  using  Non-EUV  Indices  can  be  improved  by 
restriction  to  limited  parts  of  a  solar  cycle  for  which  actual  EUV  observations 
allow  us  to  use  empirical  fitting  of  the  type  illustrated  in  Table  2;  (c)  Con¬ 
tinued  use  of  Non-EUV  Indices  for  various  apjilications  may  remain  a  practical 
necessity  still  for  some  time;  (d)  Ultimate  adoption  of  true  EUV  Indices  is 
obviously  most  desirable.  However,  the  realization  of  this  goal  will  not  only 
require  extensive  further  study  of  accomplished  observations,  but  it  will  also 
require  future  solar  EUV  measurements  of  accommodating  aeronomical  objectives, 
to  be  pursued  with  more  vigor  than  that  reflected  in  presently  a{)proved  programs. 
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Table  2.  Solar  ELA/  Correlations  with  2800  MHz  (June  1977-Auqust  1074;  prelim.) 
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"forced"  :  matching  the  reference  values  for  13-28  July  1076  imposed  too; 
"not  forced":  fits  are  not  required  to  reproduce  conditions  of  F76REF  above. 


EUV  EMISSION  LINE 

ONE- VARIABLE  FIT 

TWO- 

VARIABLE  FIT 

Tdent i f . 

\  ( nom . ) 

Correlation 

1  Coefficients  Correlation 

Coefficients 

in  nm 

for  4- 
a 

for  4  for  i 

A  h 

for 

i: 

Ly-  i 

121.6 

0.83 

0.84 

0.91 

0.91 

H 

Ly-f 

102.6 

0.75 

0.90 

0.87 

0.93 

He 

I 

58.4 

0.83 

0.93 

0.93 

0.97 

Ho 

II 

30.4* 

0.91 

0.91 

0.95 

0.95 

0 

IV  Group 

55.4 

0.  31 

0.91 

0.76 

0.97 

Fe 

X 

17.5 

0.89 

0.91 

0.96 

0.97 

Mg 

X 

61.0 

0.86 

0.92 

0.97 

0.98 

Si 

XII 

49.9 

0.88 

0.89 

0.94 

0.94 

Fe 

XVI 

33.5 

0.93 

0.93 

0.96 

0.96 

*) 

observed 

fluxes  for  ' 

•30 

.4  nm"  include  coronal  line  of  Si  XI 

30. 

331  nm 

Table  3 .  C 

■.  -  Do  terrmi  nation 

of  simple 

EUV  Class-Variation  Model 

(K 

=  1,2  only) 

from  Different  Date  Ranges 

of  fitting  to  preliminary 

EUV 

data 

V.  =  4:.  (F76REF)  .  (1  + 

*^2  =  ^3.5/^3.5<"""’^"> 

EUV  EMISSION  LINE 

From  77154 

From  77154  From  78001 

From  79001 

Identif .  \ (nom . ) 

to  79226 

to  77365  to  78355 

to  79226 

in  nm  K 

<C 

>  %dev 

<C^  >  %dev 

%dev 

<C^  >  %dev 

H 

Ly-'i 

121.6  1 

0. 

915  25 

0.763  16  0.711 

15 

1.139  8 

H 

Ly-S 

102.6  1 

0. 

995  12 

1.109  8  0.924 

12 

0.966  8 

He 

I 

58.4  1 

ca  = 

1  ("key  wavelength" 

for 

K  = 

1) 

He 

II 

30.4  1* 

0. 

396  41 

0.185  67  0.422 

14 

0.517  12 

0 

IV  Gr. 

55.4  1 

0. 

640  16 

0.763  8  0.632 

10 

0.558  7 

Fe 

X 

17.5  2 

0. 

018  30 

0.021  25  0.020 

28 

0.014  11 

Mg 

X 

61.0  2 

0. 

044  32 

0.058  20  0.047 

25 

0.032  9 

Si 

XII 

49.9  2 

0. 

170  20 

0.205  19  0.158 

16 

0.154  9 

Fe 

XVI 

33.5  2 

Ca  = 

1  ("key  wavelength" 

for 

K  = 

2) 

*) 

actually 

observed  is 

a 

mixture  of 

K  =  1  (He  II)  and  K  = 

2  (Si  XI) 

NOTE :  F76REF  refers  to  AE-computer  listing  of  EUV  reference  spectrum  for  the 

date  range  13-28  July  1976,  based  on  AE-E  observations  indicating  no  significant 
variations  during  that  period,  i.e.  allowing  the  use  of  average  values  from  all 
appropriate  parts  of  experiment  turnons  to  obtain  meaningful  data  even  for  weak 
emission  lines  which  would  be  lost  in  the  statistical  error  of  rather  small  count 
samples  characteristic  for  a  single  scan  observation  turnon.  The  results  shown 
here  in  both  Table  2  and  Table  3  were  obtained  by  accessing  the  preliminary  data 
base  illustrated  in  the  diagrams  of  Fig.  2b,  now  considered  superseded  by  a  most 
recently  improved  and  extended  data  base  (see  Fig,  2a  which  illustrates  the  ob¬ 
served  variations  for  7  of  the  9  wavelengths  tabulated  above) . 
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illustration  of  the  development  of  the  solar  cycle  21  in  9  different  wavelengths  of  EU\  emissions  is  rather 

ar  to  the  picture  given  by  Fig. 2(a)  above.  As  explained  in  the  legend  to  Fig. 2(a),  the  diagrams  (b)  have 
created  from  the  same  preliminary  data  base  used  throughout  the  presently  reported  study. 
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ABSTRACT 

Using  the  accumulation  of  experimental  data  and  theoretical  studies  conducted  on 
the  terrestrial  thermosphere  since  tlie  mid  seventies,  we  have  re-evaluated  the 
channels  by  wtiich  solar  UV  energy  is  transferred  to  the  atmosphere.  As  an  outcome 
of  this  evaluation  we  have  redetermined  the  solar  EUV  heating  efficiency  for  the 
thermosphere  and  find  this  to  be  considerably  different  from  that  established  in 
earlier  studies.  The  heating  efficiency  has  strong  altitude,  solar  cycle  and 
diurnal  dependencies.  The  values  of  this  parameter  vary  from  less  than  10/i  to 
greater  than  100/.,  with  peak  midday  values  of  50-55/J  In  recent  papers  we  have 
presented  the  results  of  this  new  UV  heating  efficiency  determination  using  a 
steady  state  solution  of  the  ionospheric  model.  In  this  paper  we  present  the 
results  obtained  solving  a  time  dependent  model  over  a  diurnal  cycle.  The  time 
dependent  effects  are  found  to  be  significant,  with  certain  longlived  species 
acting  as  temporary  reservoirs  of  latent  heat  that  is  released  to  the  neutral 
atmosphere  at  later  times. 

INTRODUCTION 

A  fundamental  parameter  in  studies  of  the  energy  budget  of  the  thermosphere  is  the 
efficiency  with  which  solar  UV  energy  is  transferred  to  the  neutral  atmosphere  as 
heat.  The  heating  efficiency,  C  ,  is  defined  as  the  ratio  of  the  total  heating 
rate  at  each  altitude  divided  by  the  total  UV  energy  deposited  at  each  altitude. 

A  reevaluaton  of  this  parameter  is  timely  in  view  of  the  relevant  new  information 
that  has  been  gained  over  the  past  few  years,  largely  as  a  result  of  the 
Atmosphere  Explorer  satellite  program. 

In  two  recent  papers  we  have  quantified  the  thermospheric  UV  energy  partitions  for 
steady  state  conditions,  M.Torr  et  al ,  [1  and  2|.  From  these  results  we  have 
redetermined  the  lieating  efficiency,  c,  as  a  function  of  altitude  for  selected 
conditions.  The  results  differ  significantly  from  our  previous  understanding,  and 
will  widely  affect  models  dependent  on  the  thermospheric  energy  budget.  The  UV 
heating  efficiency  was  found  in  these  studies  to  vary  rather  dynamically  as  a 
function  of  altitude,  season,  latitude  and  solar  cycle.  In  this  paper  we  extend 
the  steady  state  solution  reported  earlier,  M.  Torr  et  al,  [1  and  2]  to  a  time 
dependent  solution  over  a  diurnal  cycle. 

The  basic  data  set  for  this  study  comprises  actual  measurements  of  particular 
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.1 1  nK)S|i!>i’ r  i  >  p  I  r.i,;u‘l  (' rs  mo.ii’ls  wtiicli  Invp  bfi*n  shown  to  roprodiico  obsprv.it  i  ons 

to  111  .upuracy  suit  iblo  tor  tlu'se  purposos.  Thus  wp  usp  the  nctu.il  UV  flux 
no  I  suronu'ut  s  iiiulp  by  tho  liLIVS  iustriirapnt  on  tlip  Atnospiiprp  Kxplorer  (AE) 
s.itpllitps,  II  i  n  1 1’ roKKiT  Pt  1 1  ,  ill.  Tho  iiputrnl  atmospherp  ;is  monsurpcl  by  the  AE 
sitillitps  is  Will  nprosputPil  by  the  MSIS  modpl,  llodin  at  ul  ,  |A  and  oj.  Usin;; 
oui  furrout  undprst  iiid  i  up,  of  t  lip  t  hormospher  ip  photochemistry  (see  for  example,  D. 
Torr  ind  I'orr,  |  ■>  .ml  /|)  in  i  roniprehons  i  ve  model  of  the  ionosphere,  we  .are  .able 
to  reproduce  t  lu‘  ionic  concentr.it  ion  measurements  to  a  very  satisfying  degree. 
rui>  model  Ins  heiui  dcs.-rilied  elsewhere.  Young  et  li  ,  |rf,  ')  and  1)1,  Kichards  et 
.il  ,  111)  md  solves  the  ionospheric  continuity,  momentum  and  energy  equ.ations.  it 
incorpor.ites  the  .'i.igy  .and  Hanks  [121  two  stream  method  of  handling  tho 
photoi' lec  t  ron  transport  equ.ations,  and  the  solution  is  carried  out  from  the  E 
re,;ion  in  one  hemisphere  to  the  K  region  in  the  other  hen Isphe ri- .  The  model  takes 
into  account  transport  of  all  long-lived  species. 

Kor  til.'  pur|)Oses  of  tliis  study  we  solve  the  diurnal  model  for  conditions 
a ppropr i .a te  to  14  February  1974  and  the  northern  geographic  latitude  of  Millstone 
Hill.  Piis  is  the  s.ime  day  for  wtiich  the  earlier  steady  state  results  were 
presented  (M.  Torr  et  .al,  [1  and  2  1).  The  results  shown  in  this  paper  incorporate 
some  upd.ites  to  our  I'.arlier  study,  .and  we  shall  discuss  such  improvements  and  their 
input  where'  appropriate  below,  Mur  solutions  apply  to  altitudes  of  123  km  and 
.ibovc . 


Fig.  1  :ich..’m.at  i  c  of  the  m.aior  sol.ir  ultraviolet  energy  flow 
channels  (from  Torr  et  al,  19d0b). 

Up  .ire  concerned  here  with  what  happens  to  .an  UV  photon  that  is  deposited  in  the 
■atmosphere  at  a  given  altitude.  The  possible  channels  are  illustrated  in  Figure 
1.  The  initial  processes  partition  the  energy  into  the  formation  of  ions  and 
photoelectrons,  and  into  the  photodissociation  of  molecules.  Following  these 
processes,  .a  number  of  branches  can  be  followed.  The  photoelectrons  formed  in  the 
ionization  process  can  in  turn  result  in  further  ionization  and  dissociation. 

Hoth  the  photoelectron  .ind  ionization  channels  can  reproduce  species  in  various 
excited  electronic  states  which  can  in  turn  channel  energy  Into  alrglow  or  heating 
of  the  neutral  atmosphere.  Transport  processes  play  a  very  significant  role  in 
the  redistribution  of  this  energy.  The  remaining  energy  in  the  photoelectrons  Is 
transferred  to  the  electrons,  ions  and  neutrals. 


Si'l.ii  l;UV  l'nL‘i^;y  I'l  I  Ilf  Tin- rniusplif  ri’  I'l 

Thf  various  processes  discussed  sbove  can  be  divided  into  heating  and  cooling 
mechanisms.  Ttie  former  result  in  the  transfer  of  energy  to  the  neutral  atmosphere 
as  tieat  utiile  the  latter  result  in  the  loss  of  energy  from  altitudes  above  123  km. 
The  major  heating  processes  are  the  kinetic  energy  gained  by  the  products  of  each 
exothermic  chemical  reaction,  and  also  electron-electron  collisions.  Cooling  is 
produced  as  a  result  of  energy  lost  In  the  form  of  radiation  (alrglow),  and  due  to 
the  dissociaton  of  molecular  oxygen,  since  the  resultant  0  atoms  are  transported 
to  lower  altitudes  before  recombining. 

Because  the  model  used  here  solves  for  the  production  and  loss  rates  of  all  the 
relevant  species  (ions  and  neutrals  in  ground  or  excited  electronic  states)  we  can 
quantify  the  role  of  each  process  in  the  energetics  of  the  thermospheric  system. 

We  then  compute  the  total  heating  rate  and  determine  the  heating  efficiency  for  a 
given  altitude,  local  time  and  set  of  conditions. 


TIMK  DEPENDENT  RESULTS 


For  purposes  of  illustrating  the  magnitudes  of  these  various  energy  channels,  we 
have  run  the  full  diurnal  solution  for  14  February  1974,  and  in  Figure  2  we  show 
the  heating  and  cooling  rates  for  a  local  time  of  1300  hours.  Also  shown  in  this 
figure  is  the  total  solar  UV  energy  deposition  rate  as  a  function  of  altitude. 

The  calculations  include  solar  radiation  in  the  wavelength  range  corresponding  to 
the  0^  absorption  in  the  Schumann-Runge  continuum. 


- k  .1  t  i  ..-i  -  _  .  ^ i  _  j  A  i 

o’  c* 

ENERGY  LOSS  RATE  («V  cm*»€c') 


Fig.  2  Comparison  of  solar  UV  energy  deposition  rate  and  major 
energy  channels.  The  results  shown  are  from  a  time  dependent 
solution  for  14  February  1974  for  a  local  time  of  1300  hours. 


As  can  be  seen  from  the  results  given  in  Figure  2,  the  total  energy  loss  rate  at 
the  higher  altitudes  is  less  than  the  total  UV  energy  deposition  rate  at  the  same 
altitude.  This  is  due  primari^  to  two  effects.  The  downward  transport  of 
longlived  species  (primarily  0  ,  electrons  and  odd  nitrogen)  results  in  the 
non-local  loss  of  this  energy  at  lower  altitudes.  Also,  at  the  higher  altitude'^, 
where  quenching  processes  are  not  as  dominant,  a  significant  fraction  of  the 
deposited  energy  is  lost  as  alrglow. 


Each  of  these  energy  channels  has  been  examined  in  detail  in  our  earlier  paper,  ( 
M.  Torr  et  al ,  [2])  in  which  we  have  quantified  the  various  components  for  steady 
state  conditions.  At  the  local  time  that  we  are  considering  here,  the  c-ly 
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s  ij;iu  t  i  iMiU  1  i  t  1 1' roncfs  to  r(i‘  previous  stoi.ly  st.itf  solution  will  bo  v/i.i  tiio 
longlivoil  spoi- i  .“s ,  1* ,  N’O  inj  .i(  S>.  [ii  tin-  case  of  the  oti.i  nitrorfoi^  .homistry,  wo 
li.ivo  .il  s>)  incorpor.itob  tlio  photo  i  i  ssoi- i. it  ion  sourco  of  .'J(  S)  an  i  iiscusso.l 

by  KictiarJs  et  al  [li].  The  irapact  of  tbo  timo  iop'n.lcnt  offocts  nmir  noon  inh 
In'  i.iaitional  prohuolion  rati-  is  i  1  lustrato.i  in  Kijjuro  (  in  wtiicii  wo  show  tlio 
stouiy  state  o;ld  nltro>;en  c  onconl  ra  C  lOn  oomparoil  with  tlioso  dotonninod  in  tiiis 
model.  Krom  these  results  it  ran  bi.'  s.-en  toil  differences  from  our  steady  state 
solution  are  not  pronounced  near  noon.  I'lie  time  dependent  effect  of  the  odd 
litrof^en  are,  nowever,  si  p.n  i  f  i  rant  over  the  diurnil  ryele  as  discussed  below. 


Ki);.  1  liJd  nitrogen  concentrations  from  the  steady  state  solution  (SS) 

(no  photo  J  issoc  lit  ion  of  !'i2)  time  dependent  solution  (Td)  (includin;* 
pilot  od  i  ssoc  i  a  t  ion  of  dl^). 

In  Ki/;nre  ■'*  we  show  the  liurnal  variation  of  tlie  kinetic  heating  channels  at  the 
altitude  of  the  peak  KtIV  energy  deposition  i.e.  165  km  for  14  February  l')74. 
These  are  snown  compared  witii  to  the  UV  energy  deposition  rate  (for  both  the  ttlV 
and  .dchuraann-Rutige  components).  Also  slwwn  is  the  cooling  by  6  3  t  r  id  i  a  t  ion. 


i.ocAL  Time  fHouRS) 

Ft;'.  4  Comparison  of  solar  UV  energy  deposition  rate  and  major 
energy  channels  as  a  function  of  local  time  at  165  km.  (14  February 
1974;. 
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In  Figure  3  we  show  the  heuting  efficiency  resulting  from  the  steady  state 
solution  for  a  local  time  of  1 dOO  hours,  as  a  function  of  altitude.  (The  time 
dependent  solution  is  not  significantly  different  at  this  local  time.)  Also  shown 
in  the  figure,  are  the  results  of  the  study  made  by  Stolarski  et  al  [14]  based  on 
the  pre -Atmosphere  Explorer  knowledge  of  the  thermosphere. 

Because  of  the  uncertainty  that  surrounded  the  solar  flux  intensities  at  that 
time,  their  calculations  were  done  for  an  early  solar  flux  compiled  by  Hlnteregger 
[15]  and  for  a  factor  of  two  times  these  values.  In  Figure  3  we  have  shown  the 
Stolarski  et  al  [14]  results  for  the  same  local  time  as  that  for  which  our  data 
are  shown.  The  Stolarski  et  al  [14]  results  indicated  that  the  heating  efficiency 
could  be  approximated  by  a  value  of  '  304,  regardless  of  altitude  and  time  of  day. 
By  contrast,  our  results  reveal  that  the  UV  heating  efficiency  is  a  strong 
function  of  altitude,  with  a  peak  of  approximately  354  at  the  peak  EUV  deposition 
altitude,  dropping  to  approximately  104  at  higher  altitudes  (near  400  km). 

Several  factors  contribute  to  the  significant  difference  found  between  the  results 
of  this  study  and  the  study  conducted  some  years  ago.  We  now  have  the  benefit  of 
actual  measured  solar  fluxes  and  neutral  atmospheric  concentrations.  In  addition, 
there  have  been  substantial  advances  in  the  state  of  knowledge  of  thermospheric 
chemistry.  Mumerous  processes  and  reaction  rate  coefficients  have  been 
Identified,  quantified  or  refined  over  the  last  few  years.  This  is  particularly 
true  of  the  metastable  species,  odd  nitrogen  and  vibrat ionally  excited  nitrogen. 


Fig.  5  The  heating  efficiency  vs  altitude  for  a  steady  state  solution  for 

midday  conditions.  Also  shown  are  the  results  by  Stolarski  et  al  [14] 

for  a  factor  of  two  range  in  solar  flux  (ISF  and  2  SF)  (from  Torr  et  al  [2].) 

The  odd  nitrogen  species  play  a  significant  role  in  contributing  to  the  overall  UV 
heating  efficiency  and  the  dependence  of  t  on  altitude  and  local  time.  It  is  thus 
not  only  important  to  have  a  model  which  includes  the  correct  photochemistry,  but 
also  the  transport.  In  Figure  6  we  show  the  heating  efficiency  altitude  profile 
that  would  be  obtained  if  transport  of  odd  nitrogen  were  Ignored.  The  tendency  is 
to  flatten  the  profile,  increasing  the  efficiency  at  higher  altitudes,  and 
reducing 
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the  amplitude  of  the  peak.  We  have  used  the  steady  state  solution  results  to 
Illustrate  this  effect. 


Fig.  6  The  effect  of  neglect  of  transport  of  odd  nitrogen  species  on  the 
heating  efficiency  profile  (from  Torr  et  al,  [2]). 

Altitude  profiles  of  ,  at  three  illustrative  local  times  for  lA  February  are  shown 
in  Figure  7.  The  strong  diurnal  variation  is  evident  in  this  figure.  Solar  UV 
energy  deposited  in  the  morning  is  released  as  heat  later  in  the  day,  via  the  long 
lived  species.  This  ef.ect  becomes  particularly  pronounced  near  sunset,  when  the 
rate  of  energy  deposition  is  falling  sharply, 2while  kinetic  heating  processes  (via 
such  reactions  as  N  +  NO,  and  quenching  of  N(  D))  result  in  significant  heating  of 
the  neutral  atmosphere.  The  long  lived  species,  mainly  odd  nitrogen,  thus  act  as 
latent  heat  storage  mechanisms. 


Fig.  7  The  heating  efficiency  as  a  function  of  altitude  for 
selected  times  of  day  ( lA  February  197A). 
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In  Figure  8  we  show  the  diurnal  variation  of  i  for  various  selected  altitudes. 
There  is  an  asymmetry  due  to  the  fact  that  solar  energy  deposited  early  in  the 
day,  is  only  released  in  the  form  of  neutral  heating  at  a  later  time.  This 
becomes  particularly  dramatic  during  the  evening  twilight,  where  the  time 
dependent  effects  result  in  large  Increases  In  the  heating  efficiency  at  a  time 
when  the  solar  deposition  rate  is  decreasing  sharply. 


Fig.  8  The  heating  efficiency  vs.  local  time  at  selected  altitudes 
(February  14,  1974).  Also  shown  is  the  relative  variation  of  the 
solar  zenith  angle,  . 


Fig.  9  Comparison  of  the  heating  efficiency  profile  for  14 
February  1974  (winter,  solar  minimum),  with  results  for 
1  July  1974  (sumner,  solar  minimum)  and  19  February  1979 
(winter,  solar  maximum).  The  results  are  all  steady  state 
solutions  from  M.  Torr  et  al  [2]. 
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Ml  .)f  till'  results  shown  so  for  Itive  been  from  the  diurnal  or  steady  state 
solutions  for  14  Kebruary  1974,  t.e.  winter  and  solar  minimum.  In  our  steady 
state  study,  M.  Torr  et  al ,  (21  we  made  a  preliminary  investigation  into  the 
seasonal  and  solar  cycle  variability  of  ■  •  We  have  not  yet  run  the  time  dependent 
solutions  for  these  examples,  and  so  in  figure  9  we  show  the  steady  state  results. 

As  can  be  seen  from  the  results  in  figure  9,  the  seasonal  effect  over  1974  is  not 
very  pronounced.  However,  ’  is  found  to  vary  strongly  over  the  solar  cycle.  for 
tlie  february  1979  cast',  the  ra.iximum  in  i  occurs  at  a  higher  altitude  due  to  the 
higher  height  of  the  pe.ik  KUV  deposition  at  solar  maximum.  In  addition  the 
heating  efficiency  at  the  higher  altitudes  is  a  factor  of  d  to  4  times  as  large  as 
it  was  at  these  altitudes  at  solar  minimum.  M.  Torr  et  al  [21  have  shown  Chat 
this  is  largely  due  to  the  increased  effectiveness  at  solar  maximum  in 
transferring  energy  to  the  neutrals  by  electron  collisions. 

CONCLUSIONS 


Historically,  values  adopted  for  the  thermospheric  UV  heating  efficiency  have 
ranged  between  0.1  and  i.O.  Of  tlie  most  recent  calculations  Chandra  and  Sinha 
1  lo  1  reported  a  value  for  t  of  0.5  to  0.6  but  did  not  discuss  Che  altitude 
variation.  The  value  of  0.1  of  Stolarski  et  al  [14]  has  been  widely  incorporated 
into  thermospheric  models.  The  results  reported  here  will  thus  require 
significant  revision  of  thermospheric  models.  For  example,  estimates  of 
additional  sources  such  as  joule  heating  obtained  from  global  thermospheric 
circulation  models  will  require  re-evaluation. 

As  has  been  shown  here,  Che  diurnal  phase  effects  are  significant  and  may 
eliminate  or  reduce  Che  problems  that  have  been  encountered  in  reproducing  the 
observed  thermospheric  temperature  over  a  diurnal  cycle. 

An  impact  of  the  dynamic  variability  of  <:  that  has  emerged  from  this  study,  is 
that  Che  incorporation  of  this  parameter  into  global  thermospheric  models  will  not 
be  as  simple  as  it  was  when  a  constant  of  'vQ.  3  value  was  used.  A  more  complex 
parameterization  as  a  function  of  altitude,  local  time,  season,  latitude  and  solar 
cycle  is  required.  We  are  currently  investigating  whether  a  multicoefficient 
harmonic  fit  is  a  possible  solution  to  this  problem. 
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Energy  Inputs  and  Models 
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ENERGY  TRANSFER  BY  GRAVITY 
WAVE  DISSIPATION 

K.D.  Cole  and  M.P.  Hickey 

Division  of  Theoretical  and  Space  Physics, 

La  Trobe  University,  Bundoora,  Victoria,  Australia  3083 

T^STRACT 

This  paper  reviews  the  subject  of  the  dissipation  of  internal  gravity  waves  in  the 
thermosphere  and  shows  how  this  is  related  to  propagation.  Differences  of 
dissipation  and  heating  rates  in  quiet  and  disturbed  atmospheres  are  discussed, 
and  Che  ranges  of  waves  for  different  source  heights  in  these  atmospheres  are 
calculated.  Despite  heavy  damping  of  the  waves,  they  may  explain  T.I.D.'s  and 
related  airglow  observations  in  middle  and  low  latitudes. 

INTRODUCTION 

The  energy  content  of  the  thermosphere  is  derived  principally  from  the  sun  in  two 
ways;  firstly  by  the  absorption  of  radiation  (EUV  and  UV)  and  secondly  b\’  the 
capture  of  energy  from  the  solar  wind.  The  EUV  radiation  will  heat  only  the  day¬ 
time  thermosphere,  and  appears  not  sufficient  by  itself  to  maintain  the  observed 
thermospheric  temperatures  11].  The  capture  of  energy  from  the  solar  wind  leads 
to  a  high-latitude  heat  source  due  to  dissipation  of  electric  fields  and 
currents  in  auroral  regions  [2,  3]  and  occurs  both  by  day  and  by  night  [4],  The 
longitudinal  (due  to  the  EUV  heating)  and  latitudinal  (due  to  the  heating  in 
auroral  regions)  anisotropies  of  these  heat  sources  lead  to  the  so-called 
diurnal  and  polar  bulges  [5]  and  mean  that  the  distribution  of  energy  of  the 
thermosphere  is  always  far  from  equilibrium,  so  that  conductive  and  convective 
processes  will  act  to  re-distribute  this  energy  (see  for  example  [b,  7,  8]). 

The  main  mechanical  processes  which  occur  in  the  thermosphere  are  winds,  tides, 
acoustic  waves  and  gravity  waves.  It  is  well  known  that  energy  can  be  transported 
in  the  thermosphere  by  winds  (9,  10,  11),  the  semi-diurnal  tide  112]  and  acoustic 
waves  [13],  but  we  are  Interested  here  only  in  the  transport  of  energy  by 
gravity  waves.  We  will  summarize,  in  order,  the  observations,  sources,  dissip¬ 
ation,  thermospheric  heating,  and  propagation  of  gravity  waves.  Problems  with 
gravity  wave  theory  in  explaining  certain  observations  and  ideas  concerning  the 
possible  resolutions  of  these  problems  are  discussed.  Finally,  a  conclusion 
will  be  given.  It  will  be  assumed  that  the  reader  has  a  basic  knowledge  of 
gravity  wave  theory,  as  discussed  for  example  by  Hines  [14],  Eckart  [15],  and 
Tols  toy  [ 16  ] . 
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Somo  ('f  the  earliest  observations  of  travelling  ionospheric  disturbances 
(T.I.D.'s)  were  those  of  Miinro  [17,  18,  19],  which,  coupled  with  the  radar 
observations  t'f  drifting  meteor  trails  (20),  led  Hines  [14]  to  hypothesize  that 
the  T.I.D.'s  were  simply  the  manifestations  of  neutral,  Internal  gravity  waves 
in  the  ionospheric  plasma,  a  generally  accepted  result  today.  Since  then  there 
have  been  many  observations  of  T.I.D.'s,  of  which  we  can  make  the  following 
summary . 

Heisler  [21]  and  Valverde  [22]  found  that  some  T.I.D.'s  could  travel  several 
thousand  kilometers  with  little  attenuation.  Tveten  [23]  observed  T.I.D.  speeds 
to  be  usually  40-300  m/sec  with  only  a  few  up  to  1250  m/sec,  while  Oian  and 
Villard  [24]  found  speeds  of  400-750  m/sec  with  periods  of  30-90  mins  and 
horizontal  wavelengths  of  1300-2000  kms .  Bowman  [25],  by  studying  world-wide 
ionograms,  found  two  T.I.D.'s  launched  by  the  same  event  which  travelled  at 
speeds  of  361  m/sec  and  722  m/sec  respectively,  the  former  being  able  to  propagate 
completely  around  the  globe.  Thome  [26]  observed  a  T.I.D.  which  propagated  some 
3000  km.s  at  a  speed  of  700  m/sec.  Georges  [27]  observed  many  T.I.D.'s  and 
classed  them  as  large-scale  if  their  speeds  were  in  excess  of  300  m/sec  (approx¬ 
imately  the  lower  atmospheric  sound  speed)  and  medium-scale  if  their  speeds  were 
lower  than  300  m/sec.  Harper  [28]  observed  a  T.I.D.  near  the  equator  having  a 
period  of  about  105  mins  and  an  estimated  horizontal  wavelength  of  4000  kms,  while 
another  large-scale  wave  was  observed  by  satellite  by  Trinks  and  Mayr  [29],  with 
a  period  of  2.5  hrs  and  an  apparent  horizontal  wavelength  of  5000  kms.  There 
have  been  many  observations  of  medium-scale  T.I.D.'s  with  speeds  between  50  and 
200  m/sec  and  periods  ranging  from  20-100  mins  [30,  31]. 

SOURCES 

In  the  lower  atmosphere  sources  of  gravity  waves  can  Include  severe  weather 
systems  [27,  32]  as  well  as  the  meteorological  jet-stream  [31,  33].  A  flux  of 
10  '  watts/m^  commonly  leaves  the  troposphere  [34]  so  that  significant  amounts 
of  energy  could  reach  the  thermosphere  from  the  lower  atmosphere  after  absorption 
and  reflection  by  mesospheric  winds.  In  the  middle  atmosphere  the  main  sources 
can  include  the  possible  breaking  of  tidal  motions  [14],  wind  Instabilities 
[35]  and  the  supersonic  motion  of  the  terminator  between  +45°  latitudes  [36, 

37],  especially  in  the  ozone  layer  [38). 

In  the  thermosphere  the  main  sources  of  gravity  waves  lie  in  the  auroral  zones 
and  there  is  much  evidence  to  support  this  [24,  39,  40).  The  generation  here 
is  due  to  both  the  Lorentz  force  (F  =  J  x  B)  and  Joule  heating  (Q  =  J.^)  and 
has  been  studied  by  many  authors  (see  e.g.  [40]  and  references  therein). 

Testud  [41]  found  that  the  efficiency  of  the  Lorentz  force  in  creating  gravity 
waves  was  greater  than  that  due  to  Joule  heating,  whereas  Richmond  [42]  has 
found  that  waves  produced  by  Joule  heating  can  more  easily  travel  to  middle 
and  low  latitudes.  The  total  wave  energy  produced  to  the  total  energy  input 
during  a  magnetic  storm  can  be  as  high  as  15.6%  [42],  while  model  calculations 
comparing  the  theoretical  ionospheric  response  with  the  observed  response  due 
to  the  passage  of  a  gravity  wave  at  mid-latitudes  show  that  at  times,  the  total 
energy  input  to  the  auroral  zone  can  be  as  large  as  1.6  x  10^^  ergs 
(1.6  X  10‘^J)  [43].  Evidence  for  the  trans-polar  propagation  of  waves  created 
during  magnetic  storms  has  been  given  by  Potter  et  al  [44].  The  dominant 
force  at  equatorial  latitudes  is  the  Lorentz  force  in  the  equatorial  electrojet, 
but  Chlmonas  [45]  has  concluded  that  it  is  inefficient  in  exciting  gravity  waves 
because  ^  x  B  is  vertical  while  long  period  gravity  waves  transport  energy 
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predominant. ly  horizontally  [27],  The  possible  evidence  for  waves  produced  by  the 
equatorial  electrojet  can  be  found  in  [441. 

DISSIPATION 

Cravity  waves  in  the  thermosphere  can  be  dissipated  by  viscosity  and  thermal 
conduction  [46],  ion-drag  [47],  molecular  relaxation  [48,  491  and  diffusive 
separation  [501.  Dissipation  leads  to  the  production  of  a  number  of  dissipative 
waves  [51,  52,  53],  but  these  are  usually  ineffective  in  transporting  energy 
very  far  [54].  Pltteway  and  Hines  [46]  showed  that  the  dissipation  due  to 
thermal  conduction  is  slightly  greater  than  that  due  to  viscosity,  and  that  if 
rills  dissipation  is  small  then  only  the  amplitude  of  the  wave  is  affected.  The 
dissipation  due  to  viscosity  and  thermal  conduction  generally  decreases  with 
increasing  wavelength  [55,  56],  whilst  that  due  to  ion-drag  increases  with  wave 
period  and  is  a  minimum  for  waves  propagating  along  the  magnetic  meridian  [55]. 

Tile  dissipation  rates  due  to  viscosity  and  thermal  conduction  are  inversely 
proportional  to  the  neutral  gas  density  and  so  rapidly  increase  with  height. 

These  dissipation  races  also  depend  on  the  temperature  structure  of  the  thermo¬ 
sphere  [57],  because  this  affects  the  wave  group  velocity  (a  hotter  thermosphere 
refracts  the  wave  energy  up  at  more  oblique  angles  and  thus  increases  the 
dissipation  rate).  Tlius  gravity  wave  dissipation  depends  strongly  on  local  time 
and  solar  activity,  a.s  well  as  magnetic  activity.  For  example,  it  was  shown  that 
the  dissipation  rate  due  to  viscosity  Increases  as  the  angle  of  energy  flow  (9) 
from  the  horizontal  increases,  because  for  and  with  the  asymptotic 

relation  k‘^z'>ii)^a/C^ ,  the  loss  in  vertical  energy-flux  (AF)  can  be  written  as 

AF  =  nhA^k^x  (y  -  l)^g'*  tan^  0  (1) 

where  all  symbols  have  their  usual  meanings  (see  [57]).  Their  results  also  show 
that  most  waves  dissipate  within  one  wavelength  for  a  source  at  the  120  km  level, 
but  that  this  attenuation  distance  rapidly  decreases  as  the  source  height  is 
Increased.  This  can  be  seen  in  figures  1  -  4,  in  which  the  'hot'  atmosphere 
refers  to  the  CIRA  [58]  Model  10  atmosphere  at  1400  hrs,  and  the  'cold' 
atmosphere  refers  to  the  CIRA  [58]  Model  1  atmosphere  at  0600  hrs.  The  atten¬ 
uation  distance  is  taken  as  the  distance  over  which  the  energy  flux  is  reduced 
to  30°A  of  its  Initial  value.  Figures  1  and  2  show  that  more  energy  propagates 
to  greater  horizontal  distances  in  the  cold  atmosphere  for  source  heights  less 
than  about  200  kms,  while  the  situation  is  reversed  for  source  heights  greater 
than  this.  For  a  source  height  of  120  kms,  the  horizontal  range  in  the  cold 
atmosphere  is  some  30  -  45%  greater  than  that  in  the  hot  atmosphere,  the  larger 
number  referring  to  the  larger-scale  wave.  Figures  3  and  4  show  that  the 
vertical  range  is  always  greater  in  the  hot  atmosphere  than  in  the  cold 
atmosphere,  a  similar  result  having  been  obtained  by  Yeh  et  al  [55].  This  means 
that  significantly  more  energy  can  be  transported  to  greater  altitudes  at  times 
of  high  solar  and  magnetic  activity  and  during  daylight  hours  than  at  times 
when  the  thermosphere  is  colder.  A  further  interesting  feature  seen  by  comparing 
figures  3  and  4  is  that  the  vertical  range  does  not  seem  to  depend  on  the  wave 
parameters  as  much  as  the  horizontal  range  does  (Figures  1  and  2),  which  is  due 
to  the  fart  that  although  the  larger  scale  wave  suffers  a  lower  dissipation 
rate,  its  energy  is  transported  at  an  angle  much  closer  to  the  horizontal  than 
the  smaller  scale  wave,  effectively  Impeding  the  propagating  of  energy  to  high 
al t  Itudes. 


Figures  1-4 

Attenuation  distances  defined  as  the  distances  over  which  the  energy  flux  Is 
reduced  to  30%  of  its  initial  value  In  both  the  'hot'  (CIRA  (1965)  model  10 
atmosphere  at  lAOO  hrs.)  and  'cold'  (CIRA  (1965)  model  1  atmosphere  at  0600  hrs) 
atmospheres . 
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There  is  now  theoretical  evidence  which  shows  that  diffusive  separation  is  an 
important  dissipative  mechanism  for  gravity  waves  in  the  lower  thermosphere 
[50],  which  increases  with  wave  period  and  decreases  with  wavelength.  For 
example,  a  wave  of  period  60  mins  and  horizontal  wavelength  400  kms  will  lose 
60%  of  its  energy  in  propagating  between  the  140  and  240  km  levels,  whereas  in 
the  same  altitude  range  a  wave  of  period  20  mins  and  the  same  wavelength  will 
lose  only  about  10%  of  its  original  energy. 

HEATING  OF  THE  THERMOSPHERE 

Dissipation  rates  of  gravity  waves  have  been  estimated  to  be  about  5  x  10  ^  watts/kg 
(5  X  10‘  ergs/gm  sec)  near  the  95  km  level  [59],  4  x  10  '  watts/kg  near  the  105  km 
level  [60],  and  possibly  greater  than  1  watt/kg  some  50%  of  the  time  at  the  140  km 
level  [60],  giving  heating  rates  of  about  4“K/day,  30°K/day  and  lOO^K/day, 
respectively.  Testud  and  Vasseur  [61]  observed  a  T.I.D.  following  a  magnetic 
storm  and  noted  that  the  ion  temperature  at  the  300  km  level  rose  to  values  of 
some  50-100°K  above  normal.  They  explained  this  by  calculating  that  the  vertical 
energy  flux  through  the  200  km  level  was  1.6  x  10  ^  watts/m^  (1.6  x  10  ^  ergs/cm^ 
sec)  which  was  about  10%  of  that  thought  to  be  deposited  by  EUV  radiation  above 
the  same  level  (2  x  10  watts/m^).  Testud  [62]  and  Yeh  [30]  have  estimated  that 
heating  rates  of  the  order  of  10  watts/m^  (10  ^  ergs/cm^  sec)  occur  at 
F-region  heights  due  to  gravity  wave  dissipation,  and  that  temperature  increases 
of  some  80°K  can  therefore  be  expected  [62].  Several  theoretical  studies  have 
calculated  the  altitude  distributions  of  the  energy  input  rate  to  the  thermosphere 
due  to  the  dissipation  of  gravity  waves  by  viscosity,  thermal  conduction  and  ion- 
drag  [63,  64,  57],  and  will  now  be  discussed. 


Klosterraeyer  [63]  calculated  the  energy  deposition  rate  for  a  wave  of  period  30 
mins,  horizontal  wavelength  600  kms,  and  an  Initial  vertical  energy  flux  of 
1.25  X  10  watts/m^  at  the  lower  boundary  (170  kms),  typical  of  what  one  might 
see  following  a  magnetic  substorm.  It  was  noted  that  although  thermal  conduction 
will  dissipate  wave  energy,  it  will  not  heat  the  background  gas.  His  results 
gave  a  maximum  heat  input  of  4.5  x  10  watts/m^  at  the  235  km  level,  and  a 

height  distribution  very  similar  to  that  of  the  EUV  heat  input.  The  height 
profile  of  the  irreversible  temperature  increase  was  found  to  be  similar  to  that 
of  the  undisturbed  temperature  profile  and  to  vary  logarithmically  with  time.  An 
exospheric  temperature  increase  of  some  40‘’K  was  inferred. 


Vidal-Madjar  [64]  studied  the  dissipation  of  a  wave  having  its  source  in  the 
troposphere  [31]  with  a  period  of  20  mins,  horizontal  wavelength  150  kms,  and  a 
vertical  energy  flux  of  10  watts/m^  at  the  120  km  level  (see  [33]).  Both  the 
effects  of  background  winds  and  different  azimuths  of  propagation  were  included, 
and  all  the  terms  in  Che  equation  of  heat  transfer  were  retained.  In  the  wind¬ 
less  case  the  maximum  energy  deposition  rate  was  7  x  lO'®  watts/m^  at  160  kms 
altitude,  while  the  mean  value  between  120  and  200  kms  altitude  was 
5  X  10  watts/m^,  roughly  10%  of  the  solar  deposition  rate  for  the  same  region. 
Vidal-Madjar  further  showed  that  certain  regions  of  the  thermosphere  can 
actually  be  cooled  by  gravity  waves,  even  in  the  presence  of  dissipation. 


Hickey  and  Cole  [57]  have 
caused  by  the  dissipation 
Vidal-Madjar  [64]  studied 
In  the  last  section.  The 
figures  5  and  6.  As  with 
deposition  rates  per  unit 
strongly  on  atmospheric  c 
rate  per  unit  volume  for 


studied  the  energy  deposition  to  the  thermosphere 
of  the  same  two  waves  which  Klostermeyer  [63]  and 
under  different  atmospheric  conditions,  as  discussed 
results  for  the  30  minute  period  wave  are  shown  in 
the  dissipation  rates  discussed  previously,  the  energy 
volume  (fig.  5)  and  per  unit  mass  (fig.  6)  depend  quite 
ondltlons  (solar  cycle,  etc.).  The  maximum  deposition 
this  wave  ranges  from  about  7.5  x  10  watts/m^  at 
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245  kms  altitude  in  the  cold  atmosphere  to  about  3.8  x  10'*°  watts/m^  at  270  kms 
altitude  in  the  hot  atmosphere.  The  heating  rates  per  unit  mass  show  a  much 
larger  variation.  Maximum  heating  rates  here  are  about  35  watts/kg  at  265  kms 
altitude  in  the  cold  atmosphere  and  about  5.5  watts/kg  at  325  kms  altitude  in  the 
hot  atmosphere.  Significant  heating  can  only  occur  at  high  altitudes  during 
times  of  high  solar  and  magnetic  activity  and  during  daylight  hours. 
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Figure  5 

Energy  deposition  rate  per  unit  volume  for  the  hot  and 
cold  atmospheres  as  defined  in  the  text,  for  a  wave  of 
period  30  mins,  horizontal  wavelength  600  kms  and 
vertical  energy  flux  at  the  120  km  level  of 
1.25  X  10  '*  watts/m^. 
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Figure  6 

Energy  deposition  rate  per  unit  mass  for  the  wave  as 
described  in  Fig.  5. 


Richmond  [11]  has  calculated  the  heating  at  middle  and  low  latitudes  due  to  both 
gravity  wave  dissipation  and  compressional  heating  of  the  meridional  circulation 
set  up  by  auroral  heating.  He  has  found  that  compressional  and  wave  heating  are 
comparable  at  high  altitudes  (>250  kms)  but  the  compressional  heating  is  much 
more  important  at  low  altitudes. 

Cole  [65]  has  Involved  the  action  of  internal  gravity  waves  in  low  latitude 
conjugate  E-regions  for  the  production  of  field-aligned  irregularities  in  the 
equatorial  F-region.  In  an  extension  of  this  work  Cole  [6b]  estimated  the  joule 
heating  by  electric  fields  associated  in  equatorial  spread-F  (at  night)  to  be  as 
much  as  EUV  heating  during  the  day. 

PROPAGATION 

There  have  been  a  number  of  studies  in  the  past  dealing  with  the  ducting  of 
gravity  waves  [26,  67,  68,  69].  The  Importance  of  ducting  in  the  thermosphere 
is  that  it  keeps  most  of  the  waves  at  low  levels  where  the  effects  of  dissipation 
are  small,  and  hence  allows  for  certain  modes  of  propagation  to  travel  to  large 
horizontal  distances  without  severe  attenuation.  However  Richmond  [69]  has 
strongly  criticised  the  earlier  works  which  dealt  with  ducting  in  the  thermo¬ 
sphere  and  shown  that  these  models  cannot  be  legitimately  applied  to  the 
thermosphere.  He  has  suggested  an  alternative  ducting  mechanism  which  relies 
on  partial  reflections  at  the  top  of  the  'duct'  due  to  dissipative  mechanisms 
[70,  71]  and  obtained  three  thermospheric  inodes  with  similar  properties  to  those 
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of  Francis  154],  but  ho  hlmsolf  doubts  tho  usefulness  of  this  alternative 
mechanism.  If  this  is  the  case,  then  the  only  possibility  left  is  that  all 
gravity  waves  are  freely  propagating  (internal)  and  subject  only  to  dissipation 
and  small  partial  reflections  as  they  propagate  upward.  .Some  support  for  a 
return  to  the  simple  idea  of  freely  propagating  gravity  waves  as  a  cause  of 
T.I.D.'s  observed  at  low  latitudes  following  magnetic  storms  can  be  found  in  the 
results  of  Ruble  et  al  1 39  ] .  Tliey  performed  a  numerical  simulation  of  the 
ionospheric  response  to  freely  propagating  gravity  waves  produced  by  a  substorm 
and  compared  these  results  to  ob.servations  made  at  two  different  sites,  and 
reasonably  good  agreement  was  obtained  at  both  sites. 

Since,  however,  inti'rnal  gravity  w.ives  nec*-ssarily  have  speeds  less  than  about 
0.9C  (C  =  the  local  sound  speed)  a  difficulty  arises  when  trying  to  explain 
observations  of  high  speed  F-region  T.I.D.'s,  when  near  their  source  regions  (at 
120-140  kms  in  the  auroral  zone)  they  would  have  speeds  exceeding  the  local  sound 
speed.  Tliis,  as  Francis  (|72]  p. 1039)  has  noted,  would  require  sources  to  exist 
at  altitudes  considerably  higher  than  is  usually  supposed,  where  the  sound  speed 
is  higher.  Possible  observational  evidence  in  support  of  high  altitude  gravity 
wave  sources  can  be  found  in  [29].  They  observed  a  large-scale  gravity  wave 
with  a  speed  of  perhaps  550  m/sec,  which  was  generated  at  high  latitudes  during 
fairly  quiet  magnetic  conditions  and  possibly  within  the  dayside  cusp  region. 

They  suggested  that  soft  particles  may  have  been  the  dominant  energy  source, 
and  from  a  comparison  between  experimental  results  and  theory  they  concluded 
that  thermospheric  sources  possibly  as  high  as  200  kms  altitude  were  responsible 
for  the  excitation  of  the  observed  wave  phenomena. 

Francis  (73j  showed  that  a  gravity  wave  source  will  produce  two  waves  for  a  given 
wave  frequency  and  horizontal  wavenumber,  one  propagating  energy  upwards  (the 
direct  wave,  for  which  kz<0)  and  the  other  propagating  energy  initially  downwards 
(the  indirect  wave).  For  a  source  at  an  altitude  of  200  kms  the  results  of 
Hickey  and  Cole  [57]  show  that  the  horizontal  range  of  the  direct  wave  will  be 
less  than  one  half  of  a  wavelength  (see  figs.  1  and  2)  and  so  would  be  ineffect¬ 
ive  in  producing  observable  T.I.D.'s  at  low  latitudes.  However,  as  Richmond  [56] 
has  shown,  the  indirect  waves  suffer  a  much  lower  attenuation  rate  than  the  direct 
waves,  so  that  if  a  high  altitude  gravity  wave  source  did  exist,  only  the 
indirect  waves  should  be  capable  of  transporting  significant  amounts  of  energy 
to  low  latitudes.  An  indirect  wave  having  a  horizontal  phase  speed  (u)  greater 
than  about  250  m/sec  will  be  reflected  upward  from  the  lower  thermosphere  [56], 
while  for  u<250  m/sec  it  will  become  the  earth-reflected  wave  of  Francis  [73]. 

If  we  imagine  a  high  altitude  source  at  a  level  where,  for  example,  the  local 
sound  speed  is  1000  m/sec,  then  it  would  be  possible  to  create  any  indirect  wave 
having  a  horizontal  phase  speed  less  than  900  m/sec.  It  will  travel  downwards 
into  regions  of  ever-decreasing  dissipation  towards  its  reflection  level,  and 
the  lower  the  speed  of  the  wave,  the  lower  this  level  will  be.  It  would 
eventually  suffer  reflection  there  so  that  by  the  time  it  has  reached  mid 
latitudes,  it  would  be  observed  as  a  direct  wave.  If  a  high  altitude  gravity 
wave  source  can  be  shown  to  exist,  then  the  importance  of  this  postulated  mech¬ 
anism  in  explaining  observations  of  large-scale,  high-speed  gravity  waves  should 
not  be  overlooked. 

CONCLUSION 

Present  theory  concerning  both  the  propagation  and  dissipation  of  gravity  waves 
appears  to  be  limited  in  explaining  some  of  the  large  speeds  with  which,  and 
large  distances  over  which,  they  are  known  to  travel.  The  observations  of 
Bowman  [25]  for  example,  cannot  be  explained  by  gravity  wave  theory,  since 
gravity  waves  could  not  travel  such  large  distances  at  speeds  exceeding  the 
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speed  of  the  hamb  wave.  Tlie  observations  of  Tltheridge  [74]  are  difficult  to 
explain  by  standard  dissipation  tlieory,  for  a  wave  with  a  horizontal  speed  of 
140  m/see  sliould  not  be  able  to  propagate  up  to  the  bOO  km  level.  The  new 
tlieoretical  calculations  of  Del  Genlo  et  al  [50]  show  that  diffusive  dissipation 
can  be  large  for  some  of  the  longer  period  gravity  waves  and  would  further  inhibit 
the  transfer  of  energy  from  the  auroral  zones  to  low  latitudes.  Heating  rates  of 
the  thermosphere  due  to  the  dissipation  of  gravity  waves  appear  to  contribute 
s ign i f leant ! y  to  the  heat  budget  of  the  thermosphere,  typically  being  about  10% 
of  that  of  the  EUV  heating  rate.  While  any  estimates  for  the  heating  rates  at 
low  latitudes  may  require  a  greater  understanding  of  the  propagation  character¬ 
istics  of  large-scale  waves  travelling  away  from  the  auroral  zone,  the  resolution 
of  the  problem  may  be  as  follows. 

Despite  the  heavy  damping  of  internal  gravity  waves  In  the  thermosphere  they  may 
nevertheless  be  capable  of  carrying  sufficient  energy  from  the  auroral  ionosphere 
to  the  middle  and  low  latitude  ionosphere  to  cause  large  scale  travelling 
ionospheric  disturbances  and  corresponding  alrglow  fluctuations.  Consider  the 
energy  flux  in  a  T.I.D.  from  the  auroral  zone,  in  which,  for  example,  the  neutral 
atmospheric  velocitv  is  100  m/sec  and  the  group  velocity  is  400  m/sec;  the 
horizontal  meridional  energy  flux  throughout  the  F-region  would  be  approximately 
3  X  10^  ergs  cm  '  sec  *.  Allowing  for  an  e^  decrease  of  wave  energy  on  account  of 
dissipation  during  propagation,  a  decrease  by  a  factor  of  5  to  allow  for  geometric 
spreading  of  the  wave,  and  also  adopting  an  efficiency  of  only  10%  for  the 
generation  of  gravity  waves  by  the  auroral  electrojet,  the  waves  would  need  to 
have  been  produced  by  an  auroral  electrojet  in  which  the  heating  was  of  order 
3  X  lO'’  X  X  5  X  10  ergs  cm  '  sec  ^  along  its  length,  l.e.  about  6  x  10®  ergs 

cm  ^  sec  '.  Assuming  an  auroral  electrojet  300  km  wide  this  requires  an  energy 
deposition  rate  in  the  jet  of  order  20  ergs  cm  ^  sec  Such  heating  rates  can 
exist  in  auroral  electrojets.  Detailed  observations  and  calculations  of 
particular  events  are  necessary  to  confirm  or  deny  this  proposed  resolution  of 
an  apparent  difficulty. 
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AB,iTHACT 

The  results  i'ro;n  observations  of  auroral  omissions  within  the 
wavelength  band  115  -  135  nm  are  presented.  The  experiment  was 
carried  out  on  board  the  satellite  "Cosmo3-900" ,  launched  on 
March  30,  1977,  to  an  almost  circular  polar  orbit.  .Ve  assume 
that  the  precipitating  fluxes  of  protons  and  electrons  were  the 
sources  of  excitation,  according  to  the  theory. 

INTRODUCTION 

The  extreme  ultraviolet  region  of  auroral  emission  spectrum 
(i  135  nm)  has  remained  relatively  unexplored  because  of  the 
inaccessibility  to  ground-based  observations,  the  experimental 
difficulties  of  such  measurements,  and  the  limited  number  of 
rocKet  and  satellite  experiments.  In  this  paper  results  from 
observations  of  auroral  emissions  within  the  wavelength  band 
115  -  135  nm  are  presented.  The  experiment  was  carried  out  on 
board  the  satellite  "Cosmos-UOO" ,  launched  on  March  30,  1977, 
to  an  almost  circular  polar  orbit  {h  500  km,  inclination 
b3°) . 

In  order  to  record  the  auroral  emissions  the  ionization  chamber 
was  installed  so  that  its  entrance  window  was  always  directed 
towards  the  ;:,artn.  The  ionization  chamber  consisted  of  coaxial 
electrodes  ana  a  Mgl'  entrance  window  [l]  .  Nitrogen  oxide  NO 
was  used  as  a  gas  filling.  It  is  possible  to  deternine  tne  chamber 
quantum  efficiency  within  tne  wavelength  band  up  to  5u  %  [2]  . 

Ifie  ionization  cnamber  spectral  sensitivity  determined  by  the 
potential  of  the  photoionization  filling  NO  and  the  threshold  of 
radiation  absorption  by  the  entrance  window  of  MgF^  is  within  the 
wavelength  range  115  -  135  nm.  A  special  collimator  consisting 
of  an  aluminium  tube  with  a  diaphragm  system  was  installed  to 
protect  from  scattered  radiation.  Absolute  sensitivity  characte¬ 
ristics  of  the  ionization  chamber  is  known  from  pre-flight  labo¬ 
ratory  calibrations.  Table  1  gives  basic  parameters  of  the 
ionization  chamber. 
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opectrui  jeiuiitivity 

115  -  135  nm 

effective  area 

5  1  m-.A’ 

p'  1 1;  I  d  0  f  V  i  e  w 

22° 

Geometric  fact, ox' 

3,6  mm^  sr 

u  an  t  i  1  n  e  i  f  i  c  i  e  n  cy 

J.  5 

i’ne  tel37ieti7  data  inaicatin,’;  a  nomal  workinf^  of  tha  inslra:nent 
were  received  up  to  late  April,  1'l7h.  It  was  possible  to  o'  serve 
continuously  ootii  the  day-side  and  nij^ht-siae  ^lows  of  the 
ataiospnere  in  the  ultraviolet  wavelenj^th  region  by  a  fixen  three- 
axis  orientation  of  the  spacecraft  which  directed  tne  field  of 
view  of  the  ionization  cnamber  to  the  harth  with  an  accuracy  of 
several  do^'reea.  Takin.i’:  into  account  the  results  of  raeasure  p.ents 
by  other  authors  [3-i^]  it  is  evident  that  the  ionization  chanber 
■nust  record  auroral  enissions  at  the  following  wavelengths: 
ato:nic  oxygen  IJJ.b,  Uj.  o,  130.2  nn,  hy:nan-alpha  121.56  nin, 
atomic  nitrogen  1<io  nm,  and  molecular  nitrogen  band  emissions. 

HzdULTo  OF  OSbhRVATIOrih  A.¥J  DIdCUoSION 

The  results  described  refer  to  September,  20-22,  1377. 

Figures  i  and  2  give  the  data  for  two  orbits  of  the  spacecraft 
during  each  of  whica  it  crossed  tae  auroral  latitudes  twice, 
it  snouid  be  noted  taat  dui'ing  the  flight  the  level  of  the 
scattered  radiation  background  was  practically  constant.  On  the 
illuminated  and  tne  dark  parts  of  the  orbit  in  most  cases  its 
value  was  close  to  tiiat  of  the  noise  level.  It  can  be  assumed 
that  such  a  low  level  of  scattered  radiation  was  reached  due  to 
the  use  of  an  entrance  collimator,  contrary  to  the  experiments  by 
Cnubb  and  Hicks  [4,  5]  .  As  seen  from  Pigs.  1  and  2  the  ionization 
cnamber  signals  exceeded  the  background  only  at  the  auroral  oval 
latitudes  along  the  orbit  including  the  polar  cup  regions, 
bpatial  characteristics  of  the  emissions  extending  from  1.5°  to 
5°  in  invariant  latitudes  are  rather  complicated.  It  is  possible 
to  separate  two  different  structures:  large-scale  structure  with 
regions  of  higher  intensity  extending  from  100  km  to  r\-/  500  km, 
and  fine-scale  structure  with  multi-peaks  pointing  to  substantial 
time  and  spatial  variations  with  intensities  changing  rapidly 
within  several  fractions  of  a  second.  Fig.  3  gives  an  example  of 
the  structure  of  emissions  in  the  northern  hemisphere  at  the 
invariant  latitudes  =  84°  -  88°  at  night  MLT,  with  a  rate 

of  telemetry  data  transmission  of  5  msec.  Two  regions  of  higher 
intensity  are  distinguished,  recorded  during  a  time  interval  of 
3u  sec.  The  intensity  growth  from  minimum  to  maximum  being  rather 
sharp. 

The  emissions  recorded  by  the  iohization  chamber  could  be  caused 
by  Lymah-alpha  emission,  the  nitrogen  line  at  120  nm,  the  triplet 
of  oxygen  emissions  at  130.4  nm,  and  molecular  nitrogen  band 
emissions.  The  sharp  intensity  increase  is  evidence  of  a  discrete 
character  of  these  auroral  arcs.  Besides,  the  display  of  the 
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lar^^o-Licaiu  utructui'e  vvitii  the  aiatinct  :iiaxi:aa  oC  .ir,teriaily  is 
eviaence  of  not  only  one  but  at  Leaot  two  sourceo  of  excitation 
wiiicn  can  tliffer  by  the  type  of  particiea  and  by  tiieir  ener/'y  [4 , 1  oj. 

0 onoideri n,.-  theoe  re/^iona  one  can  ohserve  ao'ne  variation  in  their 
intenaitiea  ana  extension.  It  allows  us  to  assume  that  the 
precipitatin:>:  fluxes  of  i)rotona  and  electrons  were  tne  sources  of 
excitation,  .accordirii’;  to  the  tiieory  of  Taylor  et  ai.  and  bather 
[11,  IdJ  . 

he  hope  that  after  a  more  co'npre_hen3ive  investi.Tiation  of  trie 
data  we  shall  be  able  to  aistinituishi  the  electron  and  proton 
sources  of  excitations,  analyzin,'?  the  amplitudes  of  the  intensity 
:naxi:na  of  tnese  auroral  arcs  and  their  relative  beriaviour. 
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Observations  of  aurora  within  the  wavelength 
band  11b  -  Ub  nm  on  beptember  20,  1977 
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ABSTRACT 

The  different  ttnies  of  variation  in  the  thermosphere  are  briefly  examined  and  the  solar- 
activity  effect  is  singled  out  for  special  attention.  To  this  day,  empirical  models  have  made 
use  of  the  decimetric  solar  flux  F[o.7  as  an  index  of  the  variable  XUV  radiation  from  the 
sun.  To  account  for  the  change  in  the  relative  intensity  of  the  different  types  of  emissions 
in  the  course  of  the  solar  cycle,  is  tnade  to  perform  double  duty;  The  daily  values 

are  used  to  represent  the  day-to-day  and  "27-day"  variations,  while  its  averages  over 
several  solar  rotations  are  used  to  represent  the  variations  with  the  1 1-year  cycle.  The 
availability  of  direct  solar  XUV  data  should  eventually  eliminate  the  need  for  such  a  make¬ 
shift  j)rocedurc.  Accuracy  and  continuity  requirements  of  XUV  intensity  measurements 
are  discussed  and  a  strategy  is  outlined  for  sorting  out  the  relevant  features  from  the 
observational  material  and  putting  them  to  practical  use  in  thermospheric  modeling.  It  is 
suggested  that  future  models  of  the  diurnal  and  the  geomagnetic  variation  use  as  a  guide 
theoretical  models  which  have  achieved  considerable  success  in  qualitatively  representing 
the  observed  phenomena. 

EMPIRICAL  MODELS 

Up  to  a  height  of  about  90  km  the  earth's  atmosphere  is  heated  mainly  by  radiation  from  a 
region  in  the  solar  spectrum  where  relative  variations  of  intensity  are  small  or  insignifi¬ 
cant.  The  radiation  that  filters  through  is  not  energetic  enough  to  cause  large-scale 
molecular  dissociation  of  the  main  atmospheric  constituents  and  mixing  keeps  the  composi¬ 
tion  nearly  constant.  The  temperature  variations  that  are  observed  are  mainly  related  to 
sun-eai'th  geometry;  seasonal-latitudinal  and,  to  a  lesser  degree,  diurnal;  the  resulting 
density  variations  are  mostly  confined  to  a  factor-of-2  range.  Under  these  circumstances 
it  makes  sense  to  make  use  of  standard  models  for  most  homospheric  problems. 

A  dramatic  change  occurs  as  we  cross  the  90-100  km  region  and  enter  the  thermosphere, 
where  the  rarefaction  of  the  air,  now  unable  to  sustain  mixing,  allows  the  variable,  ener¬ 
getic  solar  XUV  radiation  to  penetrate  and  do  its  work.  The  lluctuations  in  atmospheric 
density  caused  by  the  variability  of  the  solar  radiation  grow  rapidly  with  increasing  height, 
to  the  jjoint  where  the  earth-sun  geometry  becomes  secondary  to  the  conditions  of  activity 
on  the  solar  surface.  Moreover,  an  additional,  important  source  of  heating,  only  indirectly 
related  to  solar  activity,  makes  its  appearance  -  the  energy  deposited  in  the  atmosphere  by 
the  ionospheric  currents  that  control  geomagnetic  phenomena.  At  a  height  of  600  km  the 
27-day  lluctuation  in  XUV  radiation  caused  by  the  rotation  of  the  sun  can  cause  density 
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variations  exceeding  a  factor  of  -4,  while  from  sunspot  minimum  to  sunspot  maximum  the 
mean  density  can  increase  1)V  a  factor  of  70  or  more.  In  the  course  of  a  first-class  mag¬ 
netic  storm  the  density  may  increase  l>y  a  factor  of  100,  From  all  causes  combined  the 
density  at  (iOO  km  can  \ary  Ijv  three  full  orders  of  magnitude.  And  all  these  variations  are 
accompanied  by  enormous  changes  in  composition,  Li  these  conditions  mean  or  standard 
atmospheric  models  have  little  or  no  meaning,  as  sad  cxiicrience  has  taught  a  few  fore¬ 
casters  of  satellite  lifetimes. 

The  need  for  good,  realistic  thermospheric  models,  capable  of  predicting  temi>eratures, 
densities,  and  com[)ositions  for  any  height  and  geographic  position  when  solar-activity  and 
geomagnetic  data  are  given,  should  be  pretty  obvious  to  all  researchers.  Ideallv,one  should 
be  able  to  achieve  this  goal  by  feeding  solar-radiation  and  ionospheric-current  data  into  a 
purely  theoretical  model  of  the  whole  atmosphere.  Any  effort  in  this  direction  is  certainly 
highly  commendable,  even  though  the  present  state  of  the  art  is  so  far  from  the  ideal  that 
the  results  of  such  efforts  cannot  be  termed  very  realistic.  Not  only  is  the  theory  wanting, 
but  even  the  observational  data  that  arc  supposed  to  be  fed  into  the  model  have  not  been 
ai’ailable  so  far,  and  necessity  has  forced  the  use  of  empirical  models  based  on  second¬ 
hand  observational  data.  From  the  earliest  empirical  models  these  second-hand  input  data 
have  been  the  decimetric  solar  flux  and  the  planetary  geomagnetic  index.  As  solar  XL'V 
data  become  increasingly  available,  time  seems  to  be  ripe  for  making  plans  on  how  to 
utilize  these  data  in  thermospheric  models  to  replace  the  decimetric  solar  flux.  The 
corresponding  operation  regarding  the  geomagnetic  index  would  lx*  to  go  back  to  the  mag¬ 
netograms  of  the  individual  stations  that  contributed  to  the  planetary  index  and  see  if  a 
better  parameter  could  be  devised  for  use  in  thermospheric  models,  I  assume  that  with 
the  magnetograms  we  are  as  close  as  we  can  get  to  the  primary  index  of  the  magneto- 
atmospheric  phenomenon. 

If  we  want  to  tackle  the  problem  of  relating  the  observed  XUV  radiation  with  the  observed 
thermospheric  variations,  it  is  essential  that  we  carefully  examine  what  are  the  questions 
to  be  asked.  If  we  ask  the  w  rong  questions,  we  are  lx)uncl  to  get  wrong  answers.  Thus  we 
must  make  use  of  all  the  exjierience  we  have  accumulated  to  date  in  formulating  the  ques¬ 
tions.  We  must  first  list  the  different  types  of  atmospheric  variation  related  to  variations 
in  solar  XUV  radiation  and  establish  the  most  likely  functional  representation  for  each  of 
them,  relying  -  whenever  possible  -  on  physical  theory.  No  computational  program  can  do 
this  for  us.  A  giant  least-squares  solution  will  yield  only  the  numerical  coefficients  of 
functions  that  have  been  preselected.  There  is  no  such  ihing  as  a  "completely  objective" 
thermospheric  model.  Even  those  models  that  have  the  external  appearance  of  being  more 
objective  because  they  make  use  of  expansions  in  terms  of  spherical  harmonics  rely  in 
ultimate  analysis  on  previously  established  functional  forms,  distinct  for  each  type  of  varia¬ 
tion. 

At  present  we  can  distinguish  the  following  types  of  thermospheric  variation: 

1.  The  solar-activity  effect,  with  its  two  components: 

a)  the  1 1 -year  variation  with  the  sunspot  cycle, 

b)  the  27-day  variation,  connected  with  solar  rotation. 

2.  The  semiannual  variation. 

3.  The  diurnal  variation,  with  its  daily  and  annual  components. 

4.  The  seasonal-latitudinal  variation. 

5.  The  geomagnetic  variation. 

SOLAR  XUV  AND  THERMOSPHERIC  MODELS 

The  variations  of  the  total  10.7-cm  flux  F  from  the  sun  approximate,  in  a  qualitative  man¬ 
ner,  those  of  the  solar  XUV  flux;  that  is  the  reason  why  its  use  in  atmospheric  models  has 
been  relatively  successful.  It  was  soon  discovered,  however,  that  the  use  of  a  single 
parameter  to  replace  the  complex  variations  of  the  XUV  flux  leads  to  difficulties:  The 
relation  between  F  and  the  exospheric  temperature  is  different  according  to  whether  the 
interval  considered  is  one  solar  rotation,  27  days,  or  the  11-year  cycle  of  solar  activity. 
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That  this  should  bo  so  is  rather  obvious.  The  27-da.v  variation  is  caused  by  the  appearance 
and  disappearance  on  the  visible  disk  of  the  sun,  as  a  conset^uenee  of  its  I'otation,  of  a 
partieularlv  extensi\e  .letive  aiea,  and  the  relative  intensities  of  the  \arious  effective 
XT\’  emissions  ilo  not  greatlv  ehanne  durint;onc  solar  rotation.  The  situation  is  radically 
different  if  we  consider  a  much  longer  intei-val,  such  as  the  rise  from  sunspot  minimum  to 
sunspot  maximum,  when  new  emissions  apjiear  and  increase  in  intensity  much  more  rapidly 
than  other,  move  iiermanent  emissions.  The  difficulty  was  circumvented  as  best  as  one 
could,  by  splitting  K  into  an  instantaneous  comiionent  to  represent  the  shoil-term  varia¬ 
tions,  and  a  smoothed  componi'iit,  the  mean  over  several  solar  rotations,  to  represent  the 
long-term  variation.  The  availability  of  direct  XUV  observations  should  eventially  elimi¬ 
nate  this  difficulty  altogether;  but,  for  the  moment,  we  still  have  some  obstacles  to  over¬ 
come. 

Let  us  first  examine  the  accuracy  that  is  required  of  XUV  intensity  measurements  in  order 
to  lepresent  atmospheric  density  variations  within  their  observational  errors.  A  satellite- 
borne  mass  spectrometer  can  measure  the  number  density  of  a  "clean"  constituent,  such 
as  moleculai'  nitrogen,  with  a  relative  error  of  alxiut  2‘/i.  Atmospheric  noise,  such  as 
that  produced  by  gravity  waves,  can  be  considerably  larger  than  that,  but  can  be  eliminated 
within  the  observational  accuracy  when  longer  series  of  data  are  analyzed.  Systematic 
errors  affecting  individual  mass-spectrometer  exiveriments  can  be  more  serious  and  more 
difficult  to  estimate,  since  direct  in  situ  calibration  is  not  feasible  and  cannot  lx  replaced 
with  complete  assurance  by  laboratory  calibration.  Fortunately,  densities  derived  from 
satellite  drag  provdde  an  excellent  standard  against  which  mass-spectrometer  densities 
can  be  calibrated,  oven  when  the  cxjieriments  are  fragmentary  and  separated  by  large  gaps 
in  time.  The  relative  error  of  an  individual  drag  determination  decreases  with  the  resolu¬ 
tion.  While  it  is  much  larger  than  that  of  mass-spectrometer  densities  when  the  satellite 
acceleration  is  determined  from  small  time  intervals,  it  decreases  as  the  square  of  the 
lime  interval,  until  it  lx.'comes  comi)arable  to,  and  even  smaller  than,  the  mass-spectro¬ 
meter  error  for  longer  intervals;  compaiisons,  then,  will  have  to  be  made  with  time- 
averaged  mass-si)ectromcter  densities.  The  systematic  error  in  the  densities  from  satel¬ 
lite  drag  is  mostly  attributable  to  the  drag  coefficient  and  is  nearly  immaterial  in  atmos- 
jjhcric  modeling,  as  long  as  a  ))lausible  value  for  its  constant  part  is  assumed  throughout. 

Ignoring  systematic  errors,  we  can  assume  that  atmospheric  densities  can  be  determined 
with  an  accuracy  of  2'?.  At  heights  where  the  density  variations  are  large  and  w-ell  meas¬ 
urable  a  2',’('  variation  in  density  corresponds,  roughly,  to  a  variation  of  2°-5°  in  the  exos¬ 
pheric  temperature  (larger  at  sunspot  minimum  than  at  maximum).  Variations  directly 
attributable  to  variable  solar  XUV  radiation  can  be  as  large  as  900  K.  Assuming  that  we 
have  a  model  that  can  correctly  represent  these  variations  and  at  the  same  time  accurately 
take  into  account  all  non  XUV-induced  variations,  we  would,  ideally,  need  solar-activity 
parameters  consistent  to  within  0.002—0.005  of  their  ranges.  This  nominal  accuracy  is, 
rougliiy,  found  in  the  l0.7-cm  solar  flux;  but,  can  the  same  be  said  of  XUV  intensities?  If 
we  consider  photon  counts  within  predetermined  spectral  regions  and  limit  ourselves  to  a 
single  instrument,  the  answer  should  be  ves.  The  trouble  with  XUV  experiments,  however, 
is  that  in  the  past  they  have  been  short-lived  —  at  least  compared  to  the  1 1 -year  solar 
cycle  -  and  that  for  them  there  is  no  convenient  natural  calibration  standard  such  as  satel¬ 
lite  drag  for  atmospheric  densities.  And,  unfortunately,  the  systematic  errors  of  the 
individual  experiments  have  been  large  -  easily  of  the  order  of  10%  and  possibly  larger,  up 
to  30—40*?.  The  situation  has  much  improved  during  the  last  few  years  with  the  XUV  moni¬ 
toring  by  instruments  on  the  Atmospheric-Explorer  satellites,  which  has  covered  the  rise 
in  solar  activity  from  the  last  minimum  to  the  present  maximum.  It  is  to  be  hoped  that 
also  in  the  future  the  XUV  monitoring  of  the  sun  will  be  done  on  a  continuous  basis,  or  at 
least  that  the  experiments  will  overlap  long  enough  to  allow  cross-calibration.  There  will 
still  be  some  worry  about  whether  the  instrumental  calibration  holds  constant  over  a  long 
interval  of  time. 

Next  comes  the  question  of  what  to  pick  out  in  the  XUV  spectrum  and  how  to  correlate  it 
with  the  atmosphere.  Out  of  the  unmanageable  wealth  of  data  that  a  satellite  can  send  to 
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earth  we  must  make  a  judicious  selection  of  a  few  representative  features  that  have  or 
might  hav'c  relevajice  for  thermospheric  variations.  We  could,  first,  divide  the  spectral 
features  into  a  few  categories,  such  as; 

1.  Continuum  at  various  wavelengths. 

2.  Lower-excitation  lines  that  contribute  substantiallv  to  the  disk  component  of  the  radia¬ 
tion. 

3.  Higher-excitation  lines  that  appear  mainly  in  normally  active  areas. 

4.  Very  high  excitation  lines  that  appear  only  in  exceptionally  active  areas  or  in  flares. 
One  or  two  representative  features  could  be  selected  from  each  category.  If  the  output  is 
in  the  fomi  of  intensity  integrated  over  fixed  frequency  intervals,  it  will  be  a  matter  of 
strategically  selecting  a  few  intervals  in  which  the  radiation  comes  predominantly  from  one 
of  each  category. 

Let  Ig  be  the  intensity  of  a  feature  in  category  k  (=  1 , 2, . . .  n).  At  any  time  the  exospheric 
temperatui-'  could,  presumably,  be  exjiressed  as 

n 

l^rms  not  dependent  on  •  (1) 

k=l 

The  coefficients  could  be  considered  as  constants  in  a  first  approximation  and  w'ould 
have  to  be  determined  empirically.  The  linear  relation  between  T^  and  the  I^'s  may 
actually  not  hold  over  a  large  range  of  temperatures,  in  which  case  equation  (1)  must  be 
modified  by  the  addition  of  nonlinear  terms  or  by  the  introduction  of  a  suitable  nonlinear 
function.  To  each  Ig  there  corresponds  an  effective  absorption  height  that  varies  with  T  , 
so  we  must  expect  the  shape  of  the  temperature  profiles  to  vary  somewhat  as  a  function 
of  T^. 


SHORT-  AND  LONG-TERM  CHANGES  IN  COMPOSITION;  DRJRNAL,  ANNUAL, 
AND  "GEOMAGNETIC"  VARIATIONS 

Since  no  feedback  on  can  be  expected  from  the  other  thermospheric  variations,  we  can 
model  the  solar-activity  effect  using  XUV  data  as  input  and  use  the  resulting  T  as  one  of 
the  input  data  for  the  other  types  of  variation.  The  solar-activity  effect  is  the  only  varia¬ 
tion  in  which  we  can  ignore  differences  of  temperature  between  different  points  on  the  globe, 
which  through  the  phenomena  of  diffusion  and  circulation  cause  changes  in  atmospheric 
composition.  Strictly  speaking,  even  in  the  solar-activity  effect  there  are  such  differences: 
According  to  Jacchia  et  al.  (1]  auid  Paul  et  al.  [2]  the  lag  between  the  variations  of  the 
exospheric  temperature  and  those  of  the  decimetric  solar  flux  is  larger  at  night  than  in  day¬ 
time.  It  is  obvious,  however,  that  the  d3mamical  effects  of  such  a  difference  must  be  quite 
small. 

The  modeling  of  the  geographic  changes  of  composition  are  simplest  in  the  seasonal-lati¬ 
tudinal  variation,  where  the  effect  is  only  zonal,  independent  of  longitude  (the  winter 
helium  bulge  is  the  most  conspicuous  feature  of  this  type  of  variation).  The  situation  would 
be  similar  in  the  semiannual  variation,  were  it  not  for  its  poor  degree  of  repeatability, 
which  makes  its  analysis  more  difficult.  Both  the  annual  and  the  semiannual  variations  are 
suspected  of  being  affected  by  the  level  of  solar  activity  (as  they  logically  should),  but  how 
much  is  still  unclear. 

By  contrast,  complex  changes  in  composition,  dependent  on  longitude,  latitude,  and  height, 
are  observed  in  both  the  diurnal  and  the  geomagnetic  variations.  Theoretical  modeling  [3] 
has  achieved  considerable  success  in  explaining  and  representing  the  observed  phenomena 
in  both  variations.  The  purely  empirical  models  14,  5,  6)  approximate  the  observed  varia¬ 
tions  with  considerably  less  labor  than  the  theoretical  models,  which  require  the  integra¬ 
tion  of  partial  differential  equations,  but  even  so  are  complex  enough.  A  closer  approxi¬ 
mation  to  reality  along  their  lines  would  require  even  greater  complexity.  In  search  for 
a  good  solution,  one  might  be  guided  by  the  theoretical  approach  and  try  to  find  suitable 
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anahlical  exj)ressions  that  approximate  the  solutions  of  the  differential  equations.  The 
numerical  coefficients  of  these  expressions  can  then  be  evaluated  to  fit  the  actual  observed 
data.  I  used  a  somewhat  similar  approach  recently  I?)  trying  to  avoid  the  necessity  of 
using  numerical  integration  to  compute  densities  in  the  thermosphere  when  the  shape  of  the 
temperature  profiles  is  distorted  by  geomagnetic  perturbations. 

The  theoretical  approach  to  the  changes  in  composition  is  possible  only  if  we  have  a  good 
motlel  of  the  energy  input  and  dissipation.  In  this  respect  the  diurnal  variation  can  be 
handled  much  more  confidently  than  the  geomagnetic  variation,  in  spite  of  the  many  problems 
that  have  to  be  solved  for  it,  too.  The  diurnal  variation  is  inextricably  enmeshed  with  the 
annual,  or  seasonal-latitudinal  variation.  As  the  declination  of  the  sun  varies  in  the  course 
of  the  year,  the  amplitude  and  phase  of  the  diurnal  variation  changes  at  any  given  latitude, 
and  so  does  the  mean  temperature,  giving  rise  to  an  annual  variation.  Although  the  maxi¬ 
mum  daily  temperature  at  the  time  of  solstices  occurs  at  midlatitudes,  the  daily  mean 
temperature  at  the  same  time  continues  to  increase  with  latitude  right  to  the  summer  pole, 
engendering  a  pole-to-polc  annual  variation  in  composition.  There  is  still  no  consensus  on 
the  latitude  at  which  the  maximum  daily  temperature  occurs  at  the  solstices.  The  main 
difficulty  here  is  the  strong  "geomagnetic"  heating  in  the  polar  regions.  Even  a  very 
moderate  level  of  geomagnetic  activity,  corresponding  to  a  Kp  between  1  and  2,  is  suffi¬ 
cient  to  displace  the  global  temperature  maximum  from  midlatitudes  to  the  area  of  the 
geomagnetic  pole.  There  are  those  who  think  that  there  is  some  polar  heating  even  during 
ideally  quiet  conditions  (Kp  =  0). 

Another  area  that  requires  more  research  is  that  of  the  harmonics  in  the  diurnal  variation. 
What  are  the  amplitudes  and  the  phases  of  the  semidiurnal  and  the  terdiumal  components 
at  different  heights,  especially  in  the  lower  thermosphere?  Concerning  the  semidiurnal 
component,  one  difficulty  seems  to  be  that  to  isolate  it,  it  is  generally  assumed  that  the 
fundamental  variation  is  sinusoidal,  whereas  that  is  definitely  not  the  case  -  and  the  devia¬ 
tions  from  a  sinusoidal  first  harmonic  contribute  to  the  amplitude  of  a  second  harmonic. 

In  other  words,  the  semidiurnal  term  in  a  Fourier  series  fitted  to  the  observed  daily  tem¬ 
perature  variation  may  not  represent  a  true  tidal  oscillation.  Higher  harmonics  are  pro¬ 
gressively  less  affected  by  the  shape  of  the  fundamental  oscillation. 

The  energy  model  of  the  geomagnetic  variation  is  much  more  complex  and  wanting,  although 
we  have  begun  to  make  some  sense  of  the  temperature  variations  with  geomagnetic  latitude 
|8]  and  with  local  magnetic  time  |9].  A  feature  of  the  geomagnetic  variation  that  is  often 
neglected  in  modeling,  but  must  be  taken  into  account,  is  the  "equatorial  wave"  (10,8,6], 
in  which  the  density  of  all  atmospheric  constituents  varies  with  the  same  amplitude  and 
phase.  In  spite  of  the  complexity  of  the  phenomenon,  it  is  remarkable  how  closely 
empirical  models  can  predict  the  atmospheric  variations  that  accompany  geomagnetic  dis¬ 
turbances. 
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A-oTHACT 

An  outline  is  plveri  of  ear'iy  ae  rono:.-.:  col  ideas  about  the  forniation 
cf  the  ionoBi.here  by  solar  '/.'ave  radiation,  and  its  dcvelopr.ent  un¬ 
der  the  i.r.retus  of  ; rear,  i  tasic  knowleuc'e .  In  particular,  the 
ue  ve  i  opi.'.ent  (;oncerninr  sojar  I’aaiation  in  tiie  far  ultraviolet  and 
X-ray  ranros  is  diseusr.ed  '.'dect.  1).  General  considerations  on  the 
re^iation  witii  observable  ionospheric  parar,eters  are  j^iven  in  Sect, 
r  v.hiie  the  individ>..ai  layers  are  discussed  in  Sect.  5.  It  is 
found  that  eider  invcstifiations,  with  wrong  assumptions  came  to 
the  rigiit  densities  while  their  estin.ates  of  production  rates  were 
far  too  low,  dince  two  years  only  satellite  and  laboratory  data 
al:ow  satisfying  estimates. 


INTRCDU'iTIOK 

In  the  following  considerations  emphasis  is  laid  on  the  historical 
aevciopment  rather  than  uiscussion  of  today's  problems.  Only  the 
::.a:n  sourc;o  (j3'  diurnal  ionization  i.e.  solar  shortwave  radiations, 
IS  t;irien  i:.to  cor.s i derat i on .  A  fuller  treatment  of  the  subject 
sho,.ld,  of  course,  take  also  account  of  ctiier  energy  sources  which 
are  o3'  importance  in  certain  regions  and,  in  particular,  during 
disturbed  cohditi.ons. 

1.  At  LAH  WADI  All  ON  IN  .’HE  I'.V.  AND  X-WAY  RANGES 

The  idea  that  ionization  is  produced  in  llie  terrestrial  atmosphere 
ty  Solar  wave  radiation  at  ultraviolet  (u.v.)  and  shorter  wave- 
lengtliS  IS  Older  than  the  very  discovery  of  ionospheric  layers. 

At  that  time,  astronomers  used  a  'clack  body'  mouel  of  between 
‘roo  and  6C00  K  to  describe  approximately,  the  (unabsorted)  spec¬ 
trum  of  .solar  radiation  in  tiie  tiien  accessible^  range  between  near 
infrared  and  near  u.v,  'fo  my  kowledp'e,  Elias  LU  was  first  to  com¬ 
pute,  in  an  isothermal  atmosfihere,  the  shape  of  the  ion  production 
and  ionization  equi  i  i  bri  urn  firofiles.  However,  he  did  not  discuss 
absolute  values  thus  avoiding  the  difficult  question  after  the  to¬ 
tal  energy  needed  to  produce  and  maintain  such  layers. 
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c  I  .  nil  cun  onl;;  co  (roawno'i  i;/  n^ianta  :  fo:;.  the  1  ar'  a.v, 
.'"niii  r.ol  a;roc-l.!;.’  i  a  i:.oa:o'<r<;(i  one  triocl  to  r.ane  an 
ilt>  ,.v.  :  t  on:;  i  t  j  e  a  tr-n;;,  tl.elr  otifn't..;,  i.c.  ;  I'cjr.  the  ot- 

i  :  ;  ::a  ;  ^i;. .  ;i.o  tlank  t.C;  i  y  tr.oae  1  /'ivinf";  L.y  tar  tO(j  1<jV. 

.•iVi;  .nter.r.ty  the  ra  t  ;  c>  i.eeaea  tn  t  iacK  :  oiiy  _i'aLi  i  a  1 1  ni: 

a.-  an  '  .  i  t  ra  V  r,l<;t  axm-;;.-  tantnr'.  •  '  1-g  L  ]  ?hf;;en 

■  J  .:.;itoa  It:;  oraer  \.'.j  rt;  an  i.afye  a:;  io  . 


t'T.  tne  i  ;  ret  roo.et  o  La-i,.  r-va  t  i  on:;  i  r.  ti.e  .  v  .  Cooar.e 

n  a  [.;J  ,t  a-iiraf-a  that  teiav.  ;-(  (  nn  ti.e  intensity  vvao  not 

;r  :  -t  ovo.n  sr.ailer  than  aeuaoed  irot:.  a  clack  tody  at  hCC;C  1'. . 
.10  s  r,  :  .i  r.;'  the  o.v.  ;;rieotr:.:ri  in  ten:.;;  of  an  'effective  terripe- 
o'  ;  n  1  s  .attor  v.as  thiana  to  Ce  oriiy  h(  GC  1.  at  i'hO  nr.  and  as 

.'.lit;  1.  at  tC  nr.,  (inry  in  tne  il.  to  ri4  nr.  ran^re  first 

retoi.ts  V.'.  th  .a;i-fi:.ed  ihotooells  [hjfave  intensities  apree- 
tn  a!n,.t  CC(  K.  There  was,  however,  no  aoabt  that  this  .had 
. terr  ro' tea  as  a  strong  i  j  ne  er..;ssion  nanioly  the  hydroften  re 
ce  l^no  ;,--'itha  at  1  i  i  .  G  ran.  Its  intensity  was  estir.atcd  to 
',V  .  it  is  now  known  to  le  !,p  to  tires  greater  than  ti.at 

.h:io,  r'^'l’iied  r.et.ious  i'or  cor.i.'Ut  inp  the  radiation  outp'...t  of 
,-'is  atr.esphere  !;ad  been  aeve.Lopod  by  astrophysicists  fG  ]  . 
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1  Inte, ‘-rated  quantur  flux  in  tiie  solar  XUV  spectrum 

e.nted  in  ['"‘J  after  Kieoiet's  I'JhI  estimate  . 
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Kicolet  f?]  iri  I'Jbl  presented  results  of  theoretical  reasoninfs 
about  the  solar  radiation  below  loC  nin  distin^fuishing  between  the 
chromospheric  radiation  above  •'IG  nm  and  that  from  the  corona  below, 
r'if.  shows  };is  results  presented  as  an  integrated  spectrum  of 
piioton  flux  (;.e.  to  a  given  wavelen/'th  the  total  flux  of  quanta 
with  energy  greater  than  tliat  corresponding  to  the  given  wavelength 
LbJ  .  It  appears  tiiat  in  the  far  u.v.  the  decrease  with  increasing 
wave  number  is  sr.all  and  variable  compared  with  clack  tody  models 
;  shown  in  fig.  1)  oucii  that  it  is  no  more  reasonable  to  define  a 
iiypothetic  solar  spectral  temperature  rather  than  to  evaluate  the 
contributions  according  to  their  origin  in  different  layers  of  the 
solar  atmosphere. 

While  "icolet's  aim  was  a  solar  radiation  model  applicable  to  aero- 
noir.ic  computations  lliwert,  a  disciple  of  Unsold,  tegan  in  lyih?  to 
carry  out  a  thorough  computation  using  Unsold's  L6J  methods.  Simi¬ 
lar  to  Kiepeniieuer  [3]  he  felt  that  free-free  transitions  and  re¬ 
combination  should  prevail.  So  he  computed  the  different  continua 
which  he  expected  to  be  emitted  in  the  cprona.  ^'or  this  latter  he 
assumed  a  temperature  of  either  u.U  •  or  10*^  F-  [9,1  •  Kis  re¬ 

sults  for  the  latter  coronal  temperature  v;ere  compared  with  Kico- 
iet's  and  shov/ed  reasonable  agreement  CIO]  in  the  wave  length  range 
mainly  attributed  to  the  corona  (which  had  alone  teen  considered 
cy  Klwert(.  In  sprite  of  this  agreement  further  theoretical  work 
enued  '.y  with  considerably  greater  estimates  of  coronal  emission 
intensity,  first,  different  from  his  earlier  estimate,  when  going 
through  more  detaij.Gd  computations,  Klwert  realized  that  the  con¬ 
tribution  irom  line  emissions  was  more  important  than  that  of  the 
continua  p  .  Thus  maxin.i-n  spectral  density  of  the  emissions 
is  now  found  at  b  to  i:  run  instead  of  below  5  nn  in  his  previous 
work.  This  resulted  from  Elwert's  very  laboriuos  detail  computa¬ 
tions.  Tlie  emitted  energy  was  so  increased  by  a  factor  of  almost 
i  co.mir.g  now  well  above  Uicoiet's  earlier  esti.mate.  The  integrated 
energy  fluxes  given  by  the  three  models  are  presented  in  Pig.  2. 
'The  slopes  are  less  steep  in  this  energy  presentation  than  for 
integrated  photon  fluxes  as  given  in  Pig.  1). 

I.'eanwhile  more  v/avelength  ranges  had  become  accessible  due  to  the 
filter  cell  techniques  develooea  by  Friedman  and  his  co-workers 
at  NHL  [9,  12,  1 5 J  .  Observations  with  this  technique  .have  low 
spectral  resolution  but  give  quite  reliable  absolute  energy  fluxes 
in  certain  spectral  ranges.  Of  the  few  experiments  flown  by  NHL 
before  1994  [14j  only  one  had^covered  the  m.ost  interesting  range 
4.4  to  10  nra  giving  .09  mW  m  which  is  almost  in  agreement  with 
Elwert  1994.  However,  at  shorter  wavelengths,  in  particular  for 
.b  to  2  nm,  th^  measured  intensities  were  much  greater  (from.  .02 
up  to  .6  mW  m~_l  than  predicted  by  then  existing  theories  (.0001 
and  .CCC6  mW  m  '^for  Nicolet  1991  and  Elwert  1994,  respectively). 
Thus  some  additional  Intensity  had  to  be  found  in  that  range.  So¬ 
lar  eclipse  observations  in  194B  p had  shown  strongly  emitting 
bright  areas  (of  about  0.4^  of  the  disk  area)  with  a  mean  bright¬ 
ness  temperature  of  9  •  10  K.  The  phenomenon  was  explained  as  a 
'  coronal  _^condensation '  with  about  twenty-fold  increased  electron 
density  C16J  .  Since  the  relation  between  emission  intensity  and 
plasma  temperature  and  density  is  non-linear  and,  in  particular, 
the  short  wave  limit  is  very  sensitive,  a  small  hot  area  would 
give  a  large  contribution  at  the  short  wavelength  end. 
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Fig.  2  Integrated  energy  flux  Fig.  3  Integrated  energy  flux 

spectrum  of  the  Sun  after  theore-  spectrum  of  the  Sun  after  recent 

tical  estimates  prior  to  1960  space  measurements  [l9,  22,  23]. 

[7,9,11,17]. 

In  1956  paper  Elwert  [l7j  took  account  of  just  one  such  area  at 
6-10”  K.  Fig.  4  shows  the  relevant  emission  lines  occuring  below 
2  nm  (20  8).  Summing  up  these  intensities  we  came  to  the  crosses 
labelled  £[^3^  Fig.  2.  F  jr  comparison  with  these  predictions  Fig.  3 
shows  an  integrated  enero/  spectrum,  comp -rable  to  Fig.  2  but  derived 
from  modern  measured  data.  In  the  X-ray  range  data  from  the  long 
series  of  NRL's  SOLRAD  satellites  were  used  as  input  [I8,  19]  .  The 
curves  labelled  *^min  ijive  rough  average  values  for  high  and 

low  solar  activity  periods.  The  bold  curve  is  for  conditions  of  1973, 
before  the  1974  solar  minimum.  Some  uncertainty  reigns  in  the  'tran¬ 
sitional'  range  between  6  and  1 5  nm  where  the  experimental  basis  is 
scarce.  In  this  range,  the  bold  curve  is  probably  a  better  estima¬ 
te  than  the  thinner  curve  below  corresponding  to  a  low  energy  esti¬ 
mate  for  that  range.  The  upper  values  agree  besides  with  the  mea¬ 
surement  reported  in  [ 1 4 j  • 


Kiu'rj'.y  Soiirci-s  lor  tlic  loiiosplioro  91 


Xtll 

/if.'*  i'.'nerfy  :’lux  due  to  strongcoronal  er.isoion  lines 
after  /iwert's  conputatioit  .  Enisoions  left  of  the 

shaded  iine  stem  from  an  assumed  hot  coronal  condensation 
of  c  •  i  0^  K  over  .  4'-^  of  the  solar  uisk. 

At  wavelengths  above  16  nm  there  is  now  Schnidtke's  series  of  me¬ 
asurements  atoarc  the  AKHCS-A  satellite  C/Oj  ,  obtained  with  the 
first  in-flifht  calibrated  instrument  jj/lj  and  thus  reliable.  For 
Pig.  3  I  used  data  of  the  typical  day  with  Covington  index  95  which 
is  reproduced  in  .  Around  10  nm,  between  his  and  Kreplin’s 

uata  remains  a  gap  where  no  measurements  are  available  (see 
above).  The  uncertainty  of  integrated  flux,  due  to  this  transitio¬ 
nal  range  decreases  of  course  with  increasing  flux  values.  As  for 
the  very  strong  Lyman  alpha  emission  line  I  used  maximum  and  mini- 
mumj  vdlues  of  Rottman's  as  tabulated  in  comparison,  the 

1 (true  solar  minimumi)  spectrum  of  Heroux  and  liinteregger 
is  aiso  shown. 

Recently,  liinteregger '  s  instruments  aboard  the  Atmospheric  pixplorer 
satellites  AE-C  and  AE-E  have  procured  a  v;ealth  of  new  data.  Taking 
account  of  solar  activity  these  are  in  good  agireement  with 
ochmidtke's  which  1  used  in  Pig.  3  (for  moderate  solar  activity). 

We  have  shown  above  that  astrophysical  estimates  had  a  general 
trend  towards  greater  intensities.  Now  comparing  Pigs.  2  and  3  one 
realizes  that  this  change  was  needed  indeed.  As  described  above, 
in  1956  Elwert  by  admitting  density  fluctuations  in  the  corona  and. 
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at  times,  coronal  condensations  MTJ  was  able  to  lift  his  own 
estimate  (broken  curve  in  Fig.  2)  quite  considerably.  Starting  with 
his  maximum  estimate  (crosses  at  1.5  and  2  nm  in  Fig,  2)  the  lifted 
curve  lies  now  in  the  range  of  Kreplin's  measurements,  i.e.  between 
curves  K  ■  and  K_  .  This  is  at  least  so  below,  say,  5  nm.  Above 
10  nm,  however,  tne^theoretical  estimates  are  too  low  by  a  factor  of 
more  than  10. 

For  the  range  above  20  nm  we  find  rather  similar  shape  of  the  spec¬ 
tra  given  by  Schraidtke  [20]  for  1573  and  by  APCRL  for  1967  £24]  and 
1974  [23]  .  Absolute  values  compare  well  for  1973  and  1967  but  this 
should  not  be  taken  as  agreement  because  in  1967  the  solar  radio 
flux  was  much  greater:  144  against  95  Covington  index.  The  intensi¬ 
ties  measured  by  AFCRL  in  1974,  however,  are  lower  and  match  well 
with  Schmidtke's  from  1973  if  the  decrease  of  solar  activity  is  ta¬ 
ken  into  account. 

For  solar  cycles  previous  to  number  21,  the  solar  cycle  variation 
of  the  absolute  intensities  is  still  not  well  known  [25]  .  It  can, 
however,  be  taken  for  certain  tha^  the  energy  flux  available  in  the 
20  to  100  nm  range  is  a  few  mW  m~  (Fig.  3),  thus  much  larger  than 
gave  earlier  theoretical  estimates  (Pig.  2).  We  are  still  waiting 
for  a  detailed  astrophysical  theory  explaining  such  large  intensities. 

2.  SOLAR  RADIATION  AND  THE  FORMATION  OF  IONOSPHERIC  LAYERS 

Ground-based  observations  of  the  ionosphere  are  carried  out  since 
several  decades  now.  From  the  large  thesaurus  of  data  so  obtained 
we  have  rather  good  information  about  the  ionization  existing  in  the 
terrestrial  atmosphere.  We  know  not  only  the  peak  values  of  electron 
density  in  the  main  layers  but  know  also  layer  height  and  thickness. 
When  aeronomic  considerations  about  the  formation  of  ionospheric 
layers  were  first  undertaken  there  was  a  tendency  to  identify  each 
layer  with  the  ionization  of  a  specific  atmospheric  constituent 
supposed  to  be  ionized  in  a  rather  limited  wavelength  range.  (A 
survey  is  found  in  [8,  IO]  .)  It  was  later  found  that  there  is  con¬ 
siderable  overlap  between  various  ionization  processes  and  radia¬ 
tions.  So  the  atmospheric  effects  due  to  the  different  wavelength 
ranges  must  be  summed  up  in  order  to  obtain  realistic  profiles  of 
ionization  production. 

It  is  important  to  note  that  the  height  range  where  production 
occurs  is  independent  of  the  radiation  intensity.  This  is  a  con¬ 
sequence  of  the  fact  that  in  the  terrestrial  atmosphere  the  ionized 
population  remains  always  a  minor  constituent.  The  maximum  of  pro¬ 
duction  is  usually  found  in  that  altitude  where  the  atmospheric 
absorption  is  strongest  for  a  given  radiation;  the  shape  of  the 
production  profile  depends  exclusively  on  two  basic  data:  the  effec¬ 
tive  cross  section  and  the  density  profile  of  each  neutral  consti¬ 
tuent  that  is  ionized.  Since  for  a  long  time  information  about  both 
was  scarce  rather  wide-spread  assumptions  were  acceptable.  In  par¬ 
ticular  though  ionization  potentials  were  quite  well  known  the  re¬ 
levant  cross  sections  were  not  well  known  and  could  be  chosen  al¬ 
most  arbitrarily. 

Thus,  when  the  first  u.v.  measurements  were  made  in  rockets  the 
absorption  profile  was  an  important  feature  to  be  determined  C5J. 
Combining  with  cross  section  determinations  the  atmospheric  densi- 
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ty  nioaels  could  be  cfiecked  by  ouch  observations.  b  summa¬ 

rizes  conclusions  drawn  Irorn  NRL  measurements  in  the  X-ray  ran^:es. 


Air  aensities  computed  from  X-ray  measurements  with 
counters  behind  dii'i'erent  windows.  (The  saw-tooth  shape  of  the 
absorption  spectrum  makes  that  the  results  depend  on  the  assum¬ 
ed  coronal  temperature.)  The  full  line  on  top  is  the  19^2 
estimate  of  the  UoA  rocket  panel.  • 

Penetration  curves  from  the  same  source  are  presented  in  Pig.  6 
covering  wavelengths  between  .1  and  10  niri  (next  page).  Penetration 
curves  for  ^0  to  150  nm  were  first  presented  in  1962  by  the  APCRL 
team  C27l  ,  see  Pig.  7.  It  is  important  to  note  that  the  level  of 
maximum  absorption  is  not  a  monotoneous  function  of  the  wavelength. 
PvTinimum  penetration  occurs  around  50.  ..60  nm  in  the  e.u.v.  range 
while  longer  and  shorter  wavelengths  penetrate  deeper.  Thus  the 
uppermost  ionospheric  region  F  is  mainly  due  to  the  e.u.v.  spectral 
range  while  at  lower  altitudes  X-rays  and  u.v.  radiation  must  both 
be  considered. 

Pigs.  6  and  7  are,  of  course,  reproduced  as  examples  of  the  histori¬ 
cal  development.  They  can  no  more  be  considered  as  valid.  Tabula¬ 
tions  of  modern  reaction  rates  and  cross  sections  can  be  found  in 

[28,  29J  . 
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Fig.  6  NRL:  XUV  range 
atmospheric  transmission 
curves  published  1960 [26]. 

Fig.  7  AFCRL;  EUV  range 
atmospheric  transmission 
curves  published  1  962  [2?]. 


The  primary  ion/electron  production  rate  can  be  computed  from  the 
following  inputs:  density  profiles  of  the  atmospheric  constituents, 
-cross  sections  of  the  different  reactions  of  photo-ionization, 
-absolute  intensities  in  the  solar  X/u.v.  spectrum.  While  these  are 
nowadays  rather  accurately  at  hand,  the  situation  was  largely  open  in 
the  past.  As  stated  above,  corpuscular  ionization  is  neglected  here, 
an  assumption  which  is  justified  under  quiet  day  conditions,  except 
for  high  latitudes  and  night  [so] .  Even  if  the  primary  production 
rate  is  calculated,  this  is  not  directly  a  measurable  quantity. 
Ground-based  observations  end  up  with  electron  density  profiles  which 
are  obtained  from  ionosonde  stations  since  several  decades,  now  also 
from  incoherent  scatter  techniques.  These  latter  and  in-situ  measure¬ 
ments  as  well  provide  also  electron  and  ion  temperatures  and  some  in¬ 
formation  about  ion  composition.  Unfortunately,  the  step  from  the 
production  rate  to  the  measurable  electron  density  is  not  easy  since 
ion  chemistry  and  transport  phenomena  are  engaged  and  can  be  quite 
involved.  Thus,  some  aeronomic  considerations  and  -  often  -  assump¬ 
tions  are  contained  in  the  process  of  deducing  electron  densities 
from  the  incident  solar  radiation. 


3.  DETAILED  DISCUSSION  OF  THE  MAIN  IONOSPHERIC  LAYERS 

The  longest  series  of  reliable  measurements  is  due  to  ionosondes. 

From  the  ionograms  all  stations  deduce  at  least  peak  values  for  the 
E-  and  F-region  which  are  very  reliable  [3l].  Thus,  during  day  at 
least,  height  and  density  of  the  two  peaks  are  experimentally  well 
established  parameters  for  comparison  with  theory.  Further,  from  other 
radio  techniques,  there  exists  some  information  about  the  lower  iono¬ 
sphere  (lower  E-  and  D-region)  [32,  33,  34].  The  International  Refe- 
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rence  Ionosphere  (IRIJ  may  be  used  as  a  summary  of  present  knowledge 
for  such  purposes  ^35] .  When  now  considering  the  three  regions  sepa¬ 
rately  we  shall  meet  rather  different  conditions. 


3.1  The  D-Region 

The  electron  densities  given  in  IRI  are  mainly  based  upon  in-situ 
measurements  with  probes  [33] .  There  seems  still  to  exist  some_dis- 
crepancy  between  these  and  radio  wave  absorption  measurements  [36 J; 
these  are  not  yet  resolved.  The  aeronomic  situation  is  very  involved 
below  about  70  km  due  to  the  presence  of  negative  cluster  ions; 
positive  clusters  as  found  below  90  km  are  of  some  influence  in  the 
ion  chemistry  [2  9].  Therefore,  it  is  probably  too  early  to  formulate 
a  reliable  picture  of  the  recombination  processes  in  D.  On  the  other 
hand  ion  production  in  the  D-region  is  also  particular.  Most  of  the 
spectrum  is  absorbed  above  the  70... 90  km  range.  Apart  from  X-rays 
below  1  nm  -emitted  only  under  flare  conditions-  there  is  the  strong 
Lyman-alpha  resonance  emission  at  121.6  nm  which  is  very  strong,  viz 
3... 5  mW  there  is  no  problem  from  the  energy  side.  However, 

the  Lyman-alpha  quantum  being  below  the  ionization  energy  of  most 
atmospheric  gases,  only  the  molecule  NO  could  be  ionized  [37] .  Thus, 
the  question  is  reduced  to  the  chemistry  of  this  minor  constituent. 
In  the  computations  one  assumes  a  certain  height  profile  of  NO  which 
is  of  crucial  importance  for  the  radiation  estimate. 


The  constants  are  short  in  the  D-  and  E-regions  so  that  equilibrium 
is  rapidly  obtained.  Adopting  a  recombination  type  loss  term  with 
height-dependent  recombination  coefficient,  one  has  to  equate  this 
with  the  production  function  obtained  as  triple  product  of  ionization 
cross  section,  local  density  of  NO,  and  L-alpha  photon  flux.  The 
latter  is  obtained  from  the  unabsorbed  solar  spectral  intensity  re¬ 
duced  by  the  absorption  suffered  above  the  level  considered.  Non¬ 
ionizing  absorption  in  O2  must  be  considered, too. 


Along  these  lines  Houston 
densities  in  the  D-region 


[34]  in  1967  computed  equilibrium  electron 
A  flat  peak  occurs  in  the  80... 90  km  height 
range  with  an  electron  density  of  1... 1.4 -10^  m~^.  This  is  in  agree¬ 
ment  with  the  rocket  data  gathered  in  [33]  but  the  dependence  on  the 
solar  zenith  angle  modelled  in  [33]  (data  of  different  sources  is 
stronger.  The  parameters  adopted  by  Houston  (first  line)  are  compared 
in  Table  1  with  recent  data  (in  the  second  line) . 


TABLE  1  D-Region 


Recombination  Cross  section  El.  density  Flux 


a  (80) 

a  (90) 

S  (NO) 

3(02) 

n(80) 

n  (90) 

Q 

Ref . 

3  -1 
m  s 

3-10-13 
10~^  ^ 

m^s-' 

10-13 

2 

-22 

2.5-10 

2-10"^^ 

m2 

10-24 

10-24 

-3 

m  2 

6.5-10'-^ 

2-10^2 

1 .2-10'^ 

1  3 

2 . 5- 10' 

-2 

mWm 

0.2 

4.2 

[34] 

[29] 

Agreement  between  both  lines  is  quite  good,  except  for  the  first  and 
last  column.  In  fact,  the  solar  radiation  intensity  was  largly  under¬ 
estimated  in  [34]  but  the  same  was  true  for  the  recombination  coeffi¬ 
cient.  So  we  have  compensation  of  two  errors.  Of  course,  the  ion  pro- 
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auction  is  much  greater  after  [29]  than  after  [34]  (5-10^  m-3s-1  com¬ 

pared  with  2-10^,  at  85  km). 

We  realize  that  estimates  of  radiation  intensity  by  'inverse'  aero- 
nomic  considerations  are  rather  dangerous  since  so  many  parameters 
interfer.  Error  compensation  may  produce  apparent  agreement  with 
quite  wrong  radiation  intensities. 

3.2  The  E-Region 

Normal  E  is  the  most  regular  layer  of  the  ionosphere.  The  peak  elect- 
tron  density  follows  the  solar  zenith  angle  very  accurately  and  the 
observed  (monthly)  spread  of  absolute  values  is  only  +  10  %.  The  time 
constant  for  recombination  is  a  few  min  so  that  the  assumption  of 
equilibrium  is  fully  justified.  Unfortunately,  in  the  altitude  range 
between  100  and  130  km  radiation  from  both  ends  of  the  X/uv  spectrum 
is  absorbed  so  that  the  first  question  was  after  the  wavelength  range 
to  be  considered. 

The  first  aeronomic  explanations  of  the  normal  E— layer  were  published 
quite  early.  Bhar  as  well  as  Schrder  [39,  4o]  attributed  the  layer  to 
photo-ionization  of  molecular  oxygen  in  its  second  ionization  poten¬ 
tial.  Laboratory  measurements  had  shown  that  the  ionization  cross  sec¬ 
tion  was  much  greater  at  the  second  (16.1  eV)  than  at  the  first 
(12.1  eV)  limit;  intensities  were  not  identified.  With  the  neutral 
density  data  of  that  time  penetration  could  be  expected.  Later  when 
rocket  measurements  had  shown  the  densities  to  be  higher,  Nicolet's 
(earlier)  idea  [37]  of  a  two  step  process  (preionization)  around 
90... 100  nm  was  taken  up.  This  process  was  shown  [4l]  to  cover  Lyman- 


solar  incidence  angels.  Lyman-beta  is  assumed  to  be  the  only  source 
of  ionization  [34]. 


Fig.  9  Computed  electron  densities  in  the  E-region  for  different 
solar  incidence  angles.  Solar  X-rays  are  assumed  to  be  the  only 
source  of  ionization  [34] . 


Fig.  10  Ion  pair  production  rate/m~^  s“^  from  measured 
solar  emission  intensities  in  the  whole  Xnv“f3nge.  After 
Heroux  et  al  [42]  ,  reproduced  in  [29] , 
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103  km  (Fig.  8).  Present  values  [29  j  are  10”21  and  0 . 1  .  .  .0 . 2  ,  resp .  :^o 
that,  again,  the  earlier  estimate  of  electron  density  was  not  too  bad 
in  its  result  but  obtained  by  compensation  of  two  errors.  The  pro¬ 
duction,  of  course,  had  been  underestimated  in  [34]  :  10°  instead  of 

lO^m'^s"^  [^*2]  near  105  km. 

Since  the  electron  density  deduced  from  the  longer  wavelengths  was 
too  small,  and  after  greater  X-ray  intensities  had  become  probable 
[9]  an  earlier  suggestion  of  ionization  by  X-rays  [43]  was  taken  up 
by  Argence  and  Rawer  [44  ,  45]  .  With  the  data  available  in  1951  they 

found  maximum  contribution  from  the  10...23  nm  range  which,  together 
with  shorter  waves  gave  a  production  peak  of  2 . 2  •  10°m“2s“’l  at  115  km. 
Later  Elwert  [46]  critically  analyzed  the  absorption  conditions  in 
this  range  and  found  8... 10  nm  more  important;  he  took  also  account 
of  secondary  ionization  by  photo-electrons  ending  up  with  3 . 3  •  1 0°m“2g-1 
at  118  km.  With  improved  basic  data  Houston  [34]  then  produced  the 
curves  of  Fig.  9  peaking  at  120  km  with  about  10'^m~2.  While  this  is 
correct,  the  ion  production  rate  was  found  too  small:  2"10°m"2s”'  in¬ 
stead  of  10^  [42].  For  the  incident  X-rays  he  did  not  specify  the 
wavelength  range,  just  admitting  a  photon  flux  of  5*10'2m“2s"'  and  an 
average  cross  section  of  10“22ni-2^  Recent  production  computations  [42] 
show  the  whole  5 . . . 30  nm  range  must  be  taken  into  account  giving  a 
maximum  production  of  2 . 3 • 1 0^m“2s-1  at  110  km  (see  Fig.  10). 

3.3  The  F-Region 

As  early  as  1937  Mohler  [47]  became  aware  that  the  height  of  the  F2- 
layer  is  too  great  to  be  coincident  with  a  maximum  of  ion/electron 
pair  production.  He  felt  that  the  F2-layer,  in  spite  of  its  large 
electron  density,  is  a  by-product  of  a  production  process  peaking  at 
the  FI  level.  The  fact  that  the  recombination  decreases  quicker  with 
increasing  altitude  than  the  production  rate  decreases  is  the  reason 
why  an  F2-layer  is  formed. 

This  said  it  is  at  once  clear  that  the  relation  between  electron  den¬ 
sity  and  ionizing  radiation  is  too  much  involved  to  be  helpful  for 
estimating  solar  radiation  intensities.  Further,  since  the  time  con¬ 
stants  are  great,  plasma  transport  by  diffusion,  winds  and  electric 
fields,  plays  a  most  important  role.  For  the  same  reason  the  energy 
needed  to  produce  this  most  important  ionospheric  region  is  smaller 
than  needed  for  the  E-  and  D-region  (see  the  modern  production  rates 
of  Fig.  10)  [29]. 

4.  CONCLUSIONS 

The  earlier  idea  that  solar  XUV  radiation  intensities  might,  at  least 
roughly,  be  estimated  from  its  observed  effects  in  the  terrestrial 
atmosphere  was  -  historically  seen  -  misleading.  While  the  direct 
photo-chemical  reactions  are  straight  forward  and  so  rather  easily 
understood  this  is  not  so  with  the  inverse  processes  of  recombination 
which  are  chemical  in  nature.  At  lower  heights  the  ion  chemistry  is 
too  involved,  at  greater  heights  -  where  it  is  simpler  -  transport 
phenomena  influence  and  disturb  the  chemical  game. 


beta,  too,  from  which  ray  a  quite  important  contribution  was  expec¬ 
ted.  With  a  cross  section  of  1.54*10'‘22  and  a  flux  of  only 
.007  mW  m“2  Houston  [341  obtained  an  electron  density  up  to  4-10  at 


•% 


Knirny  Sixirii-s  lor  tin-  loiiusphoro 


99 


Earlier  numerical  estimates  often  went  wrong  by  a  compensation  of 
errors,  i.e.  the  well-known  equilibrium  density  was  reached  with  a 
wrong  production  term.  Now-a-days  reaction  cross-sections  of  the  main 
photo-chemical  effects  are  quite  well  known  from  laboratory  measure¬ 
ments.  Only  recently  the  solar  spectral  intensities  have  been  quanti¬ 
tatively  determined  by  rocket  and  satellite  techniques.  Also,  atmo¬ 
spheric  density  and  composition  were  derived  from  satellite  data.  So 
the  primary  production  profile  can  now  be  computed  with  satisfying 
accuracy  (Fig.  10). 

Thus,  wherever  we  have  approximate  equilibrium  between  production  and 
recombination,  from  the  analytical  accessibility  of  the  production 
term  follows  a  global  accessibility  of  the  recombination  term,  too. 
With  other  words,  in  the  lower  layers  -  where  transport  is  also  ne¬ 
gligible  -  and  under  day  conditions,  we  know  now  the  effective  re¬ 
combination  profile  quite  well,  and  this  quantitatively.  Only  we  do 
not  yet  know  well  by  which  processes  this  result  is  brought  about  in 
detail.  Apparently,  the  E-region  is  the  most  appropriate  field  for 
further  work  along  these  lines.  The  goal  should  be  to  measure  the 
individual  densities  of  all  the  different  intermediate  species  which 
are  of  importance  in  the  game  of  ion  chemistry,  and  so  reach  a  better 
understanding  of  its  main  features. 
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OF  THE  BASIC  PARAMETERS  OF 
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Ion  tonpcratiurc  niid  total  ion  concentration  measured  on  25th 
October  1977  during;  the  flight  of  the  geophysical  rocket 
"Vertical-G"  are  analyzed*  The  solar  fluxes  determined  in  five 
wave-length  bands  with  a  photoeloctron  analyzer  are  also  given.  The 
observed  anomalous  variation  of  ion  temperatinre  betv/een  700  and  900 
km  and  the  measured  ion  concentration  can  bo  explained,  if  the 
cliarge  exciiango  reactions  0+  and  diffusion  are  taken  into 
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The  geophysical  rocket  "Vertical-6"  was  launched  on  25th  October 
1977,  15  15  h’‘T  from  the  midlatitude  area  of  the  ikiropean  part  of 
the  U.'Jbi?  for  a  comprehensive  investigation  of  the  upper  atmosphere 
in  the  fram.ework  of  the  Intercosmos  program.  Tlie  rocket  reached  an 
altitude  of  1500  1-m  and  its  trajectory  v/as  very  close  to  the  verti¬ 
cal,  the  deviation  being  not  greater  than  about  3°.  The  rocket  v/as 
three-axis  stabilized  v/ith  an  accuracy  of  +  3°  .  The  measurements, 
the  results  of  v/hich  are  analyzed  here,  were  carried  out  by  means 
of  five  planar  retarding  potential  analyzers  (RPA)  looking  into 
different  directions  of  space  and  by  a  photoeloctron  Einalyzer, 
v/hich  allowed  the  determination  of  the  solar  CUV  flux  in  five 
different  wave-length  bands  [1]  ,  The  ion  temperature  and  total  ion 
concentration  have  been  determined  from  the  characteristic  curves 
of  the  RPA  looking  vertically  upv/ards,  using  a  multi-parameter  curve 
fitting  [2,  3,  4]  ,  as  well  as  from  the  results  of  one  of  the 
analyzers  looking  horizontally.  In  addition,  electron  temperature 
and  the  concentration  of  different  ions  measured  on  "Vertical-6"  [5] 
are  also  used. 
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''Vort icnl-ri"  \vo.n  laiuichod  diirinr  n  reonufTietically  very  quint 
period,  '.''ho  relative  runnpot  nuj.ihor  vms  ?Ii,  t]ie  solar  radio  flux, 
”!casurod,,^t  1<^\7  cn,  and  tlie  three-]iourly  rieornaiTTiGtic  index  Kp  wore 
88,  i(  A)~'  '-..irr'  liz“^ ) ,  and  0,  roapoctivoly,  fhe  launch  time  was 
nrecedod  and  followed  by  a  period  of  low  solar  activity, 

hinco  rocket  oxporir.ionts  reachin.q  altitudes  above  50t)  km  and  es¬ 
pecially  those,  by  which  the  ion  temperature  is  determined,  too, 
are  rare,  the  results  of  sucli  i.ioasurements  are  loseful  both  from  the 
roint  of  view  of  aeronomical  studies  and  t)ie  checking  of  models. 

1  a;;;) 

lor  tiio  dotermina.tion  of  ener;p;'/  input  by  the  solar  '11'/  radiation 
into  tlie  unpor  atmosnliere ,  t!ie  fluxes  in  five  different  r8np;es  of 
t}io  snectri.m  have  been  determined  by  means  of  the  photoolectron 
ana,lysGr.  Above  tlic  absorl)inf^  rep;ion  of  the  atmosphere  the  values 
niven  in  Table  1  were  obtained,  iiocause  of  the  knov/n  limited 
reso'Jvin.p  pov/er  of  the  :,iothod  comparison  of  these  values  v;ith  the 
results  of  more  direct  .lUV  measirremcnts  [G,  7]  shov/s  that  the 
fluxes  .piven  by  us  for  tlie  wavo-len/pth  bands  GO-90,  90-110  and 
110-135  nm  are  in  tliis  order  1.4,  2.4  and  0.7G  time’s  of  the  values 
published  in  [7]  .  These  data  indicate  that  the  input  of  energy  by 
solar  ilf/  radiation  was  sim.ilar  to  tliat  found  du-rinp;  the  fli/^hts 
of  Vertical^.],  and  2 ,  v/hen  the  solar  radio  fluxes  at  10,7  cm  were  89 
and  82  (ifF'’^' Hs~^)  respectively.  Thus,  the  a.precment  noted 
above  proves  that  during  the  flight  of  "''/ertical-G "  quiet  conditiens 
prevailed  in  the  upper  atmosphere.  At  the  same  time  it  .justifies 
tlie  use  o  C  atmospheric  models  [O  ]  , 

In  Tic*  1  'tbe  variation  of  total  ion  concentration  with  heif^ht  is 
shov/n,  Tor  comparison  the  total  ion  concentrations  obtained  with  an 
ion  trai)  on  the  rocket  [5]  are  also  plotted.  The  maximum  of  the  F2 
layer  was  located  at  an  altitude  of  about  230  km. 

In  Fi/p*  2  the  ion  temperature  profile  is  shov.n.  In  addition,  the 
electron  temperature  Tirofllc  taken  from  [5]  is  also  plotted.  The 
ion  temporaturo  shows  values  equal  to  the  neutral  temperature  to  an 
unusually  hi.ph  altitude  of  about  55G  lai.  It  benins  to  differ  from 
the  neutral  temperature  only  above  this  height,  where  a  relatively 
steen  increase  in  ion  temneraturc  is  observed,  '‘'hen  at  7G0  ]an  an 
iEotherr:’ial  region  follows,  above  which  at  about  000  km  a  minimum 
occurs  and  the  ion  temperature  sliows  a  s  teoj)  increase  afjain.  Il’us , 
the  isothermal  roip-ion  at  700  ki.i  nay  also  be  interijretod  ns  a  local 
r.nximum.  A  less  steep  heipiht  fpradient  of  the  ion  tempcratiure  is 
reaerrd  at  about  900  km. 

Fiooli.Aj  :o:; 

variation  of  electron  temperature  with  heicht  is  affected  by 
il.c  electron  (ion)  density  profile  to  a  heir;ht  of  about  S'-'O  Ion, 

The  decrease  of  electron  (ion)  density  above  tlie  maximum  of  tlie 
M  layer  is  reflected  by  tlie  electron  temperature  in  Fip;,  2 ,  as  a 
steep  increase  at  tlie  s.ame  altitude,  indicating;  that  due  to  the 
decrease-  of  electron  (ion)  density  tlie  coolinc  of  the  electron  cas 
decreases  considerably.  A  renion  of  ali:iost  constant  electron 
te..ineratiu:-e  is  formed  [9j  ,  as  the  ion  temperature  begins  to  in¬ 
crease  at  a  neif'p.t  of  550  krn  due  to  the  ’leatinr';  'ey  the  ambient 


C.t’ op hy  s  i  r . i  I  l<iu‘ kt‘  t  *'Vi'  i‘ t  i  I'.'i  I  —  1  ii  vo s  I  i  I  i  on s 


10  J 


ic»  1 
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''■.oncured  by  nlanar  retarding 
potential  analyzero  and  ion 
densitiec,  obtained  with  an 
ion  trap  and  tal:en  fror.-:  [5]  . 
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Variation  of  ion  tempera¬ 
ture  with  altitude ,  de¬ 
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electrons.  This  process  liolds,  till  the  steep  increase  in  ion 
tenipernture  does  not  cease.  Above  this  repion,  at  an  altitude  of 
about  000  Inn  a  small  maximum  occurs  in  tiie  electron  temperature 
profile.  Tills  small  maximum  of  electron  temperature  coincides  with 
a  minimiim  in  the  ion  temperature,  above  which  an  ion  temneratirre 
gradually  approaching  the  electron  te.m’iorature  may  be  observed  v/ith 
smaller  fluctuations  superposed  on  both  profiles. 

Jince  the  ion  temperature  shov/s  especially  anomalous  variations 
between  the  altitudes  of  700  and  iboo  km,  this  region  will  bo 
discussed  in  more  detail.  This  region  lies  just  above  the  critical 
height  [lO]  ,  below  v/hich  chemical  processes  are  dominant  and  above 
which  diffusion  begins  to  control  the  distribution  of  plasma.  The 
ion  composition  is  yet  largely  determined  by  the  charge  exchange 
reactions  H'^  +  0— ►0'^  +  H,  and  0‘*'  +  Il— ►H‘^  +  0  respectively. 

These  reactions  can  affect  the  ion  temperature,  too.  It  is  knov/n 
[ll]  that  the  heating  rate  of  liydrogen  ions  due  to  the  ambient 
electrons  is  sixteen  times  larger  than  that  of  the  oxygen  ions,  A.t 
the  same  time  the  cooling  rate  of  the  oxygen  ions,  attributed  to 
elastic  collisions  with  neutrals  and  moving  in  this  height  region 
practically  in  their  parent  gas,  is  about  two  to  three  times  larger 
than  that  of  the  hydrogen  ions  [12]  .  Thus,  the  heating  and  cooling 
of  the  ion  gas  also  depends  on  the  ratio  of  the  concentration  of 
hydrogen  ions  to  the  concentration  of  oxygen  ions.  Therefore,  in 
the  upper  part  of  the  height  region  considered,  where  0+  +  H-»H+  +  0 
is  the  dominant  charge  exchange  reaction,  the  heating  of  the  ion  gas 
may  be  more  effective,  consequently  the  cooling  less  intense  (see 
steep  increase  of  the  ion  temperature  in  Pig,  2  )  ,  than  in  the  lower 
part  of  this  region,  where  in  a  small  height  interval  the  reverse 
reaction  is  prevailing  [13]  (see  ion  temperature  minimum  in  Pig,  2), 
The  altitude  of  transition  between  the  dominant  charge  exchange 
reactions  may  change  due  to  the  counterstreaming  of  0^  and  ions 
[13,  14,  15]  »  It  should  be  noted  that  in  this  case  the  ion 
composition  does  not  reliably  indicate  the  variation  of  ion 
temperature,  s^nce  the  rate  coefficient  for  the  reaction 
0  +  0  — »  0  +  0'*'  is  comparable  to  that  of  the  charge  transfer 

+  0  -►  0"^  +  H  [16]  ,  In  Pig,  2  the  heating  and  cooling  rates , 
computed  according  to  [ll,  12]  v/ith  the  observed  total  ion  density, 
ion  composition,  electron  and  ion  teraperatvires ,  as  well  as  taking 
the  neutral  number  density  and  neutral  temperatiire  from  CIRA  1972, 
are  also  plotted.  The  data  show  that  betv/een  700  and  900  1cm  in¬ 
creased  heating  and  somewhat  decreased  cooling  take  place.  This 
shows  that  the  height  region  mentioned  is  a  region  of  non-steady 
conditions  like  a  transitional  zone,  ( Quasi-ad iabatic  heating  due 
to  plasma  compression  [17,  18]  can  also  not  he  excluded,  as  the  RPA 
measurements  indicate  strong  downv/ard  flow  of  plasma.)  Further 
investigations  are  needed  to  clarify  the  observed  features  of  the 
ion  temperatiore  profile, 
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TABLE  1  Solar  EUV  Fluxes 


length  (nm)  <60  60-90  90-110  110-135  >135 

flux 

( 1D12  photons 
m-^s-l ) 


53 


190 


710  4110 


3830 
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EXPERIMENTAL  TESTING  OF 
“CORPUSCULAR”  HYPOTHESIS 
OF  NIGHT-TIME  MID-LATITUDE 
IONOSPHERE— RESULTS  OF 
SIMULTANEOUS  ROCKET- 
SATELLITE  INVESTIGATIONS 


S.I.  Avdyushin,  L.L.  Bukusova,  V.M.  Feigin, 
G.S.  Ivanov-Kholodny,  T.V.  Kazachevskaya, 
M.A.  Savelyev  and  V.F.  Tulinov 

The  USSR  State  Committee  for  Hydrometeorology  and 
Control  of  Natural  Environment,  Moscow,  USSR 

ABSTRACT 


In  June  1978  a  joint  Soviet-American  experiment  (JASPIC)  was 
carried  out ;  its  objective  was  to  investi/^ate  nichttime  corpuscular 
fluxes  in  the  mid-latitude  ionosphere.  Simultaneous  satellite  mea¬ 
surements  are  in  a  good  agreement  with  rocket  results. 

TIITRODUCTION 

One  of  the  basic  problems  of  the  mid-latitude  ionosphere  is  the 
problem  of  the  nighttime  source  of  ionization.  As  far  back  as  in 
1961  there  was  set  up  a  hypothesis  pi  ^  about  the  corpuscular  origin 
of  the  nighttime  sources  of  ionizatfon  in  the  mid-latitude  ionosphe¬ 
re.  Since  then  a  great  number  of  experiments  has  been  carried  out 
1.23 and  [33 •  The  existence  of  nighttime  corpuscular  fluxes  is  beyond 
doubt  now,  but  the  intensity  of  these  fluxes  and,  therefore,  their 
role  in  the  nighttime  mid-latitude  ionosphere  is  still  being  dis¬ 
cussed. 

To  maintain  the  ionospheric  nighttime .E-region  the  precipitating 
electron  fluxes  below  10  ^mV/  m  sec  sr  ^are  practically  of  no 
importance.  At  the  same  time  electron  flux  values,  measured  by  dif¬ 
ferent  authors  at  middle  latitudes  at  solar  zenith  angles  Z^a6° 
are  within  the  range  of  10"  -  10~'  mW  ra~  sec~  sr~'f2,  3],  Such  a 
great  discrepancy  between  the  measurement  results,  even  taking  into 
account  different  geophysical  conditions  under  which  experiments 
were  carried  out,  naturally  gives  rise  to  questions  about  methodo¬ 
logical  homogenity  of  the  compared  experimental  data. 

In  June  of  1978  a  joint  Soviet-American  experiment  was  carried  out; 
its  objectives  were  to  intercalibrate  instimunents  and  to  correlate 
methods  used  both  by  Soviet  £4-6]  and  American  f3,  7]  scientists 
for  measuring  precipitating  corpuscular  fluxes.  Besides,  one  more 
objective  of  the  experiment  was  to  measure  nighttime  precipitating 
electron  fluxes  under  disturbed  geomagnetic  conditions. 

During  the  experiment  several  simultaneous  launchings  of  the  Soviet 

107 


WSCHttWO  PaC«  fiLAML-Nor  FllifiD 


108 


S.  I  .  Avdyusliin  ‘  >  .ti. 


MR-12;  and  US  Nike  Tomahawk  and  Nike  Apache  rockets  were  conducted. 
The  US  rockets  were  fired  from  the  NASA  V/allops  Flight  Center 
('f=30°K,Jk.  =75°W) ;  the  MR-12  were  fired  from  the  research  ship 
"Professor  Vize"  which  was  in  the  Atlantic  Ocean  several  kilometers 
off  the  WPG. 

Results.  To  measure  precipitating  electron  fluxe^  MR-12  were  equip¬ 
ped  with  instruments  of  three  types:  "Phosphor"r?J , two-channel 
spectrometer  "CKP-2M"  and  Geiger  detector  unit  "Electron"  Q63. 

Table  1  gives  dates  and  time  (UT)  of  MR-12  firings,  solar  zenith 
angles  (Z),  three-hour  values  of  geomagnetic  planetary  IC  index 
and  local  index  (Fredericksburg),  solar  radio  emission  P?q  j 
(Ottawa).  The  table  gives  parameters  of  precipitating  electTOn 
fluxes  detected  at  heights  above  150  km:  integral  energy  flux 

mV/  m~  sec"  sr”  for  electrons  with  energy  ij^TkeV  and  :5.1keV,N(^0keV) 

=  integral  intensity  of  electrons  with  energies  above  40  keV. 

Data  on  electron  fluxes  obtained  by  different  instruments  are  in  a 
satisfactory  agreement  and  complement  each  other. 

Table 


No.  Date  UT  Z  K  7  "Phosphor"  "CKp-2M"  "Electron" 

P  E^  7_keV  ^.E?_:l  keV  NeIJ'AO  keV2. 

mW  m“‘^sec'”  sr"  cm“'^sec”  sr 


1. 

2. 

3. 

4. 


11.06.78 

06.27 

116® 

5-4 

110 

7x10"^ 

3x10"^  1.6x10 

20.06.78 

04.10 

118° 

3-3 

169 

3x10"^ 

^3x10”^  0.5x10 

24.06.78 

02.13 

107® 

5-5 

189 

- 

^4x10"^  0.6x10 

26.06.78 

01.78 

102° 

4-4 

178 

5x10"^ 

(0.8-8)10"'^  - 

As  it  is  evident  from  the  Table  reliable  records  of  electron  fluxes 
were  obtained  in  firing  No.l,  for  firings  No. 2  and  3  one  can  point 
out  onlv  upper  estimates  of  fluxes.  The  experiment  confirmed  once 
again  that  night  corpuscular  flux  intensities  affecting  the  mid¬ 
latitude  ionosphere  are  subjected  to  significant  variations. Earlier 
we  mentioned  l7,8J  that  the  precipitating  electron  intensity  depends 
on  geomagnetic  activity. 

Electron  fluxes  (E=0.1-20  keV)  were  also  measured  on  board  the 
satellite  "Meteor  228"  £9j(near  circular  orbit,  H:i650  km).  We  use 
for  the  analysis  the  channels  of  the  satellite  spectrometer  for  the 
electron  fluxes  with  pitch  angles  less  than  65®  within  the  invari¬ 
ant  latitudes  50°N-50°S.  Therefore,  one  can  assume  that  precipita¬ 
ting  electron  fluxes  were  detected  in  the  given  channel  for  the 
nightside  satellite  orbits  (local  time  in  subsatellite  points  is 
19-05  hr),  averaged  over  10-degree  intervals  of  invariant  lati¬ 
tude.  These  results  show,  that  in  equatorial  and  mid-latitudes  the 
precipitating  electron  flux  (averaged  for  June  1978)  is  about 

(2-3)x10  mW  m  sec  sr  ,  which  approximately  correspond  to  the 
sensitivity  threshold  of  the  satellite  spectrometer.  Rather  reli- 
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able  recorda  of  precipitating  electron  fluxes  in  the  middle  lati¬ 
tudes  were  very  rare  . 


Pig.  1 

Pig.1  gives  the  results  of  rocket  (circles  with  error  flags)  and 
practically  simultaneous  satellite  measurements  (points)  and  esti¬ 
mates  (arrows)  of  precipitating  electron  fluxes.  Downward  arrows 
show  that  electron  intensity  did  not  exceed  the  instrument  sensiti¬ 
vity  threshold.  It  should  be  taken  into  account,  that  satellite  me¬ 
asurements  were  carried  out  rather  far  from  the  area  of  MR-12  laun¬ 
chings.  Nevertheless,  one  can  ooint  out  that  it  was  on  the  11th  and 
26th  of  June  that  the  satellite  spectrometer  readings  exceeded  back¬ 
ground  values.  Data  on  energy  fluxes,  obtained  in  the  experiment, 
are  in  agreement  with  the  results  of  the  analogous  measur3ments 
made  earlier  [8,  10-12J  ,  as  well  as  with  the  data  on  the  nighttime 
glow  when  there  is  no  low-latitude  polar  aurora  £13,  143  • 

Onrin.lns-ion.  From  simultaneous  rocket  and  satellite  measurements 
it  follows; 

During  moderate  geomagnetic  disturbances  in  the  nighttime  mid-lati¬ 
tude  ionosphere  the  precipitating_Blectron_fluxes  with  energies 
E^1  keV  may  reach  (2-4)k10”'’  mW  m'^sec”  sr”  ;  under  undisturbed 
conditions  electron  fluxes  decrease  by  1-2  order  of  the  magnitude. 
Precipitating  electron  fluxes  may  be  an  important  ionization  source 
of  the  ionospheric  nighttime  E-region  during  geomagnetic  disturban¬ 
ces* 
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ABiiTxiACT 

ikiethods  of  calculation  of  intertiemispheric  and  longitudinal  diffe¬ 
rences  are  discussed.  It  is  noted  that  in  models  one  should  take 
into  account  the  solar  activity  influence.  Network  rocket  sounding 
accuracy,  devices  and  technique  compatibility  are  analysed. 

IiiTRONUCTION 

The  paper  deals  mainly  with  high  latitude  temperature  models.  The 
reasons  for  this  are  as  follows.  First,  temperature  is  one  of  the 
two  principal  parameters  measured  directly  in  the  world  rocket 
sounding  station  network.  Pressure  and  density  are  derivative  values 
calculated  by  means  of  the  hydrostatic  equation.  Second,  temperatu¬ 
re  data  are  applied  for  calculation  of  regression  relations  used  in 
proeessing  of  satellite  radiometric  measurements.  Third,  horizontal 
temperature  gradients  are  initial  data  for  calculations  of  the  ther¬ 
mal  winds  often  used  in  models. 

The  GINA  1972  model  describes  adequately  major  features  of  the 
stratosphere  and  mesosphere  [i].  however,  in  CliiA  1972  there  are  no 
models  for  latitudes  exceeding  70°  and  no  models  for  the  southern 
nemisphere.  Besides,  the  CIRA  1972  model  takes  into  account  only  in 
part  longitudinal  differences  between  the  eastern  (  and  west¬ 

ern  (  BO^W)  hemispheres.  It  does  not  include  interannual  variations 
for  the  high  latitude  winter.  Long-period  temperature  and  wind 
trends  in  the  stratosphere  and  mesosphere  are  not  taken  into  account. 
In  particular,  there  is  no  relationship  of  thermodynamic  parameters 
with  the  11-year  solar  activity  cycle. 

»Ve  have  available  the  following  information  (in  addition  to  other 
data)  to  develop  high  latitude  models; 

7  northern  hemisphere;  rocket  data  from  Heiss  Island 

^^°57*N  for  the  period  19^-L980  (  1000  observations), 

-  in  the  southern  hemisphere;  rocket  data  from  Molodezhnaya  sta¬ 
tion  ( 67^40 45°51'li)  for  the  period  from  August  1969  to  19B0 
(  900  observations). 
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before  tlie  diucusoion  of  caar-actoristic  temperature  profiiea  one 
should  examine  problems  connected  with  I'ocket  sounding  accuracy  and 
compatibility  of  instruiaentation  and  metnods.  A  large  amount  of  la¬ 
boratory  investigations  and  technical  designing  v/as  completed  in 
the  Uobb  during  recent  years  concerning  improvement  of  the  sounding 
accuracy  of  tae  m-luob  rocket.  Great  attention  has  been  paid  to  la¬ 
boratory  experiments  concerning  aerodynamic  coefficients  of  rocxet 
tnexmistors,  to  increase  the  accuracy  of  radiometric  and  remote 
measurements,  to  deci'ease  the  fall  velocity  of  rocketsondes  and  in¬ 
crease  tile  movement  stability  of  roexetsondes. 

In  particular,  It  was  found  that  due  to  tne  aerodynamical  effect 
thermistors  of  the  former  design  [2]  lowered  the  measured  mesosphe- 
I’ic  temperature.  In  tiiis  connection,  a  modified  design  of  resistance 
tnermistor  was  developed  [;>]. 

In  41  pairs  of  simultaneous  temperature  measurements  by  the  tv/o 
cypes  of  resistance  thermistor  the  difference  v/as  equal  to  s  C  at 
4p-p(j  km  altitudes,  7  G  at  km,  12-1^  G  at  60-6^  xm  and  9  G  at 
7G  xm.  Instrument  calibration  errors  and  shortcomings  of  the  mathe¬ 
matical  processing  program  also  influenced  the  measured  results. 

I’ne  total  error  in  temperature  measurements  by  resistance  thermi¬ 
stors  uepends  on  contributed  errors  of  tne  radiometric  and  radar 
systems,  on  errors  in  determination  of  experimental  values  in  the 
fundamental  equation  of  thex-mistors,  as  well  as  on  processing  me- 
taous. 

Tae  standai'd  error  v/as  found  both  theoretically  and  experimentally 
taking  into  account  all  these  factors.  It  changes  from  2  Ji  at  an  al¬ 
titude  of  yu  km  to  6  A  at  do  xm. 

i'emperature  measurement  systematic  differences  were  determined  by 
compai'ative  launchings  of  diffei'ent  types  of  rockets  [pj»  The  re¬ 
sults  of  comparisons  of  Joviet  (iU-luOB;  and  American  CGuper-Loki- 
-jatasonde)  roc^-et  systems  are  given  in  Tig.l. 

The  diffex-enccs  given  in  Tig.l  should  not  be  considered  as  the  sy- 
sbematic  eri-ors  of  tae  Goviet  resistance  thei’mistor,  because  systems 
beine,  compared  have  thcii'  own  non— accounted  measureuient  systematic 
errors.  In  the  isoviet  Union  for  synoptic  studies  the  U.:ii-u6  roexet 
system  is  used.  Gome  weataer  ships  of  tae  Gtate  Goimnittee  of  the 
UooA  for  hydrometeorology  and  Gontrol  of  Natural  environment  ax'e 
supplied  v/ith  tais  x'oexet  system,  microresistance  is  used  to  measu¬ 
re  air  tempei’ature.  descent  velocities  of  ku..iL-06  rockets  are  less 
than  tne  velocities  of  m-lOOB  rockets.  The  results  of  comparison  of 
and  ki-lOOB  rockets  are  given  in  Fig. 2.  They  show  slight  sy¬ 
stematic  differences  of  the  sounding  systems  up  to  km  altitude. 

differences  in  data  obtained  by  means  of  grenades,  Pitot  [4]  and  ro¬ 
exet  thermistors  of  modified  design  on  m-lUUB  rockets  require  furth¬ 
er  comparisons  and  careful  analysis  of  instrument  systematic  errors. 
Causes  of  summer  temperature  diffei-ences  of  9  C  at  the  65  km  alti¬ 
tude  are  not  yet  clear  (Fig.5)» 

From  [5]  it  is  seen  that  the  grenade  method  is  rathex’  representati¬ 
ve.  In  this  connection,  for  temperature  analysis  at  altitudes  above 
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rig.l.  Temperature  discrepancies  (  T)  between  the  Soviet 
(ii-lCOB)  and  American  (ouper^Loki-Datasonde)  rocKet  sys¬ 
tems  obtained  during  the  intercomparison  test  (wallops 
Island,  ly77) 


Tig. 2.  results  of  L-IOOB  (1)  and  Ui.K-06  (2)  rocKet  sys¬ 
tems  comparisons,  Lay  iy79»  Indian  ocean,  near  the  equa¬ 
tor,  mean  values  of  7  pairs  of  simultaneous  measurements. 


(i.A.  Kiikin  ■  ' 


IK) 


Temperature  profiles  obtained  by  means  of  grenad¬ 
es  and  Pitot  (1)  at  Point  Barrow,  Iu-100  rocicet  {2)  and 
iii-lOOB  rocket  (with  thermistors  of  modified  design)  (p) 
at  Heiss  Island,  summer. 

5)0  km  v/e  used  grenade  data  as  basic  values.  Adjustments  were  intro- 
uuced  into  ooviet  rocket  sounding  data  Il9]»  Mean  annual  variations 
of  wind  and  temperature  over  Heiss  Is.  and  molodezhnaya  st.  were 
presented  earlier  in  [10,  ll]  .  .»arm  season  models  represent  com¬ 
pletely  characteristic  features  of  the  summer  atmosphere,  which  can 
not  be  said  about  winter'  distributions  which  are  very  variable  due 
to  the  development  of  strato-mesospheric  warmings  and  related  cir¬ 
culation  reversals.  The  method  of  presentation  of  warm  and  cold  mo¬ 
dels  of  tne  v/inter  stratosphere  for  polar  latitudes  is  examined  in 

Longitudinal  variations  of  mean  temperature  and  wind  in  the  upper 
stratosphere  and  mesosphere  can  be  revealed  in  mean  charts  of  dis¬ 
tribution  of  these  meteorologiced  parameters.  Global  mean  2,  O.A 
and  t.l  mbar  contour  charts  and  the  northern  hemisphere  O.Oul  mbar 
charts  [12,  l^J  are  compiled,  which  exhibit  both  temperature  and 
wind  longitudinal  v^iations.  As  an  example  the  wind  data  for  diffe¬ 
rent  longitudes  [14]  are  given  in  Table  1. 

Interhemispheric  as  well  as  longitudinal  differences  are  especially 
large  in  winter  seasons  of  the  both  hemispheres.  Usually  the  Antai'c- 
tic  polar  cyclone  in  the  lower  and  middle  stratospher*^  is  much  col¬ 
der  than  the  Arctic  one  (by  10-20  C).  At  the  same  time  the  summer 
stratosphere  of  the  southern  hemisphere  is  warmer  lan  -hat  of  the 
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TABLi:;  I 

Wind  Velocity  Zonal  Component  for  High  Latitudes  of  the  Northern 
Hemisphere  at  80  km  Altitude  (in  m/s) 


Longitude 

0 

90°] 

180° 

90°w 

Months 

1 

VII 

I 

VII 

I 

IV 

I 

VII 

Latitude 

60  °N 

42 

10 

54 

8 

0 

7 

55 

15 

70  °N 

21 

8 

26 

7 

-6 

-12 

14 

8 

80  °N 

-11 

-23 

0 

-24 

-12 

-7 

-6 

-8 

II  .''  C .  A .  Ki'k  i  II  .  . 

iici'c ,  .ui  ■.viiilcr  at;  latituiic-a  Ceuiperatu— 

i'.-  axi'i'ui'Liicaa  in  lac  u;/^,  ai'  a uralo^iaiei-e  butv/uon  tiit;  nui'ttiuru  and 
: ■'.'U viioi'ii  i aj.'iiei'CG  ai'u  auacjit.  aov/evar,  accoraluL  tu  i.ioludazhnaya 
.  LaLiwU  bau  uj  aci-  stratuSiiiui-o  al'  Luo  Aiitarctic  in  late  v/inter 

ia  v.’fUTLier  ^n  l;;o  avcx'aj^e  taaii  Luat  oi'  Lac  Ai-ctj-C  xtiia  la  ox— 

^aaxnod  by  Lac  i'act  Luat  ..luiudcximaya  stataou  is  situatcu  in  tue 
v/m’i..  sccti-’r  ',1'  Lao'  iaitaz'ctic.  LuuLitudinal  dii'iei’encas  in  LUe  v/in- 
tci'  s ti'ataS_paei'c  auu  .ocsusjiiei'c  ud'  tue  /intarctic  ai'c  impwX'tant. 

..  e;,i]'o'i'aLurc  vadacs  in  tue  v.iuLci-  i:iesosptiei‘e  aVer  Luc  iuitarctic  are 
als^  sc;..c;vhat  ui(_;aei'  Lhaxj  over  Lac  iirctic.  oiiAii;n;’  I'osults  ax-e  ob- 
Laiucd  in  fill  i'.^j  1'/]  •  o bSei’Vat ii^nai  .;.oacis  cl  tiicruiudynanic  paa'a— 
;.icLv,rG  ana  ^vvual  v.'ina  vciocity  uiaLribut ions  in  Liie  upcor  strato- 
mi'c  axia  mo'S'.^Sj..aci'e  ol  Lae  souctieru  tio-tiisiaiei'e  are  x^rescnccd  in 
[la].  daLa  /.inuly  xa-esentcu  by  Luo-  Iroi'.  G .  .loU{ihton' S  tjd'oup 

l'r..n  Lxiurd  v,o‘i-o'  ased  i'or  analysis  of  tue  spatial  aistribution  of 
t e i4i^i o i* at ai^c  ana  oL/iox*  paraiactex^s* 

r'inaliy,  let  us  consider  tue  solar  activity  influence  during  an  11- 
-yeau'  cycle  on  tue  tcupcrature  in  tiie  stratospncre  and  uiosospdere 
of  tue  polar  I'Ctiion  in  winter.  Aor  tno  present,  aata  considered  are 
...f  an  illustrative  character  and  indicate  the  necessity  of  taxing 
ante  account  solar  activity  in  deveiopiuent  of  stratospheric  and  uie- 
sos^.-Uemc  moaels. 


1x1  polar  v;inter  regions  solai-  radiations  direct  influence  in  the 
electromagnetic  band  is  a  minimum.  Therefore,  effects  connected 
with  the  disturbed  Sun  must  appear  more  distinctly.  Hence,  polar 
electrojet  dynamics  and  corpuscular  fluxes  in  the  winter  season  of 
the  polar  region  and  their  contribution  to  the  energy  budget  should 
be  more  marked.  Taking  into  account  these  circumstances,  let  us 
consider  temperature  variation  in  an  11-year  solar  activity  cycle 
in  the  polar  region. 

As  a  measure  of  solar  activity  the  exospheric  minimum  temperature 
was  used,  this  is  affected  both  by  solar  flux  at  10.7  cm  (Fiq  o) 
and  by  geomagnetic  activity  index).  Validity  of  this  parMeter 
and  of  the  method  of  calculation  is  described  in  [l6] . 

In  winter  mean  values  of  T  (December— January— February)  for  the 
period  from  1966  to  1976  two  maxima  are  seen:  the  first  one,  the 
main,  was  in  1968  equal  to  1550  K  and  the  second,  in  1970  equal  to 
1250  A.  The  least  value  was  observed  in  1976,  with  Tg  =  9OO  K.  So, 
in  this  period  of  observations  the  maximum  amplitude  of  the  winter 
mean  values  of  Tg  was  equal  to  40’0  K, 

To  compare  Tg  temperature  values  in  the  stratosphere  and  me¬ 

sosphere  all^data  were  grouped  into  two  main  periods  -  maximum 
(1968-1971)  and  minimum  (197^1976)  solar  activity.  As  an  example, 
winter  mean  values  of  Tg  and  mean  temperatures  at  the  altitudes  of 
45  km  (the  stratosphere)  and  70  km  (the  mesosphere)  over  Heiss  Is, 
are  given  in  Table  2.  It  is  seen  from  Table  2  data  that  atmospheric 
temperature  in  the  polar  region  is  different  in  years  of  maximum 
and  minimum  solar  activity.  Note  that  these  temperature  differences 
are  significant  in  all  layers. 

In  Pigs.  4—5  temperature  vertical  profiles  over  Heiss  Is. ,  Molo- 
dezhnaya  st. ,  Point  Barrow,  Port  Churchill  for  periods  of  maximum 
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Fic.5«  Temperature  profiles  over  Llolodezhnaya  st,  (a), 
Point  Barrow  (b)  and  Fort  Churchill  (c)  in  maximum  (1) 
and  minimum  (2)  solar  activity  years.  Winter 
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Winter  iiean  Values  of  Te  and  Temperature  T  (C)  over  Heiss  Is.  in 
Years  of  Maximum  and  Minimum  Sol^  ^tivity  at  Altitudes  of  45 


H  km 

Winter  mean  tem¬ 
perature  K  in 

196b-1971 

Winter  mean  tem¬ 
perature  K  in 

1974-1976 

Temperature  diffe¬ 
rences  over  the  pe¬ 
riods  mentioned,  K 

T 

•^e 

1255 

996 

257 

T-70 

217 

202 

15 

T-45 

255 

265 

-30 

and  minimum  solar  activity  are  given.  For  high  latitude  stations 
in  the  western  hemisphere  grenade  data  were  used.  Temperature  pro¬ 
files  for  minimum  solar  activity  are  obtained  on  the  banis  of  the 
AXI  solar  cycle  data. 
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y=iM*0.033X 

y = A?  .f  ■*•  o,  iQx  -  o. 


y- n,t-o.6ix 

y=-StQ*l.1X-0.0O52X" 


Fi6«6.  Regression  dependences  between  exospheric 
minimum  temperature  (Tg)  and  temperature  over  Heiss 
Is.  (T)  at  70,  45  and  20  km  altitudes. 


The  connection  between  solar  activity  and  temperature  of  different 
atmospheric  layers  can  be  seen  from  Fig. 6,  which  represents  linear 
and  quadratic  regression  relations  for  Heiss  Is.  Numbers  near 
points  indicate  years  for  which  temperature  mean  values  are  obta?- 
ined.  At  the  70  km  altitude  the  large  deviation  of  the  19^9  point 
may  be  explained  by  a  major  mesospheric  warming  observed  at  this 
period. 

In  our  opinion,  dependence  of  the  thermal  regime  on  solar  activity 
is  seen  from  the  variability  of  a  lot  of  factors,  for  example, 
long  planetary  waves,  tiurbulent  heat  conduction,  vertical  currents, 
the  polar  electrojet,  as  well  as  radiative  cooling  connected  with 
atmospheric  air  content  variation. 

Solar  activity  influence  on  temperature  of  the  stratosphere  and 
mesosphere  wais  considered  in  papers  [18-20]  ,  and  the  conclusion 
about  the  necessity  of  taking  into  account  solar  activity  influ¬ 
ence  in  development  of  models  is  in  agreement  with  results  obtained 
by  other  authors  [l7]  • 
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ABSTRACT 

Model  mechanisms  to  explain  the  D-reqion  winter  anomaly  have  so  far  not  really 
been  successful,  considering  the  many  different  aspects  of  this  atmospheric/ 
ionospheric  phenomenon.  A  new  model  is  therefore  proposed  relating  the  winter 
anomaly  essentially  to  atmospheric  temperature  and  wind  variations.  The  new  mecha¬ 
nism  is  checked  by  a  set  of  data  obtained  during  the  Western  European  Winter 
Anomaly  Campaign  1975/76,  and  additionally  by  a  second  set  of  data  taken  in  earlier 
years. 


INTRODUCTION 

The  ionospheric  D-region  in  winter  exhibits  erratic  and  strong  enhancements  of 
radio  wave  absorption  ("winter  anomaly")  (for  a  recent  review  see  Offermann  [1]). 

It  is  widely  accepted  today  that  these  enhancements  are  due  to  increases  of  elec¬ 
tron  density  in  the  D-region.  The  question  is  what  makes  the  electron  density  rise 
so  steeply,  and  afterwards  decay  again.  Temperature  variations  affect  the  chemistry 
of  neutral  atmosphere  minor  constituents  as  well  as  the  ion  chemistry.  They  have, 
therefore,  been  discussed  for  some  time  in  the  literature  as  a  possible  cause.  It 
was  shown  by  Offermann  et  al.  [2],  however,  that  they  can  give  only  one  half  of  the 
picture:  a  co- factor  is  needed  to  act  together  with  the  temperature  changes  to  ex¬ 
plain  the  full  variability  of  the  electron  density.  Enhanced  nitric  oxide  density 
in  the  D-region  has  long  since  been  suspected  as  a  reason  of  the  winter  anomaly 
because  of  resulting  increases  in  electron  production.  Thus  horizontal  or  vertical 
transport  of  NO  might  act  as  the  co-factor  needed.  Enhanced  NO-densities  were  found 
indeed  during  all  winter  anomaly  events  when  in-situ  NO  measurements  were  performed 
(for  the  respective  literature  see  Offermann  [1]). 

Horizontal  transport  of  NO  from  the  auroral  zone  to  medium  latitudes  has  repeatedly 
been  discussed  in  the  literature  as  a  source  of  such  D-region  NO  enhancements.  It 
appears,  however,  that  during  the  Western  European  Winter  Anomaly  Campaign  1975/76 
in  Spain,  such  advection  was  insufficient  to  explain  the  required  NO  variations 
(Offermann  [3]).  Downward  transport  of  NO  from  the  E-region  by  turbulence  is  ano¬ 
ther  mechanism  discussed  in  the  literature.  It  has  the  difficulty,  however,  that 
it  cannot  fully  explain  the  speed  at  which  the  winter  anomaly  varies.  As  was 
pointed  out  by  Offermann  [3]  vertical  transport  can  principally  explain  the  short 
rise  time  of  1  day  (or  less)  of  the  electron  density  by  assuming  a  sudden  increase 
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of  turbulence.  It  fails,  however,  to  explain  the  winter  anomaly  decay  time,  which 
is  as  fast  as  its  rise  time.  Photodissociation  of  NO  in  the  D-region  is  much  too 
slow  (Nicolet  and  Cioslik  [4|).  The  problem  remains  unsolved  so  far  how  to  remove 
the  NO  from  the  region  once  it  has  been  taken  there  by  turbulence. 

DATA  ANALYSIS  AND  RESULTS 

The  advanced  data  evaluation  of  the  Western  European  Winter  Anomaly  Campaign  75/7L 
shows  that  turbulence  was  strong  in  the  D-region  during  that  time.  The  Richardson 
numbers  measured  indicate  an  association  of  increased  turbulence  and  winter  ano¬ 
maly  (Briickelmann  [5]).  Mass  spectrometer  composition  measurements  on  a  winter 
anomalous  day  of  that  campaign  also  indicate  increased  turbulence  (Offermann  et  al. 
[6]).  During  a  winter  anomaly  campaign  performed  at  Wallops  Island  simultaneously 
with  the  European  one,  decreased  turbulence  on  a  non  winter  anomalous  day  was  ob¬ 
served  (Philbrick  et  al.  [7]).  Hence  these  data  make  it  possible  to  assume  that 
turbulence  is  a  build-up  mechanism  for  winter  anomaly. 

The  decay  mechanism,  however,  has  to  be  something  different.  When  looking  for  a 
measured  parameter  varying  fast  enough  the  horizontal  wind  speed  was  considered. 

It  is  indeed  found  to  be  a  suitable  NO  removal  mechanism,  as  it  could  just  blow 
away  a  cloud  of  increased  NO  density.  Combined  action  of  vertical  transport, 
modulated  horizontal  wind  speed,  and  horizontally  inhomogeneous  NO  density  in  the 
E-layer  could,  therefore,  explain  the  fast  winter  anomaly  variations,  as  far  as 
NO  is  concerned.  This  "model  1"  has,  however,  to  assume  a  suitable  horizontal 
structure  of  NO  density  in  the  E-region.  There  appear  to  be  no  satellite  data 
available  for  the  time  of  the  campaign  discussed  here  to  check  on  this  structure, 
and  hence  model  1  contains  an  annoying  free  parameter. 

This  free  parameter  is  not  required  in  "model  2",  which  is  sketched  in  Fig.  1:  In 
an  upper  atmospheric  layer  NO  is  produced,  and  its  density  is  assumed  to  be  hori¬ 
zontally  uniform.  In  this  layer  the  horizontal  wind  speed  is  assumed  to  be  zero, 
whereas  in  the  atmospheric  layer  below  there  are  horizontal  winds  of  varying 
speed.  (This  lower  layer  may  be  roughly  identified  with  the  D-regionJ  This  may 
be  a  somewhat  idealized  picture.  The  model  proposed  is,  however,  always  valid  if 
only  the  winds  in  the  upper  layer  are  different  from  those  in  the  lower  layer. 
Furthermore  the  CIRA  1972  tcibles  show  a  node  in  the  prevailing  winds  above  the 
D-region  in  winter  at  medium  latitudes.  The  essential  part  of  the  model  is  its 
assumption  of  a  boundary  in  the  atmosphere  in  the  effective  vertical  transport 
velocity  w:  In  Fig.  1  w  is  low  in  the  left  hand  side  of  the  picture,  and  high  in 
the  right  hand  side.  This  vertical  transport  may  be  turbulent  transport,  i.e.  the 
model  assumes  a  cell  of  enhanced  convection  in  the  right  side  of  Fig.  1.  The  low 
downward  velocity  w  represents  the  normal  state  of  the  atmosphere.  It  must  there¬ 
fore  be  small  enough  (a  few  cm/s)  to  allow  photodissociation  to  produce  the  deep 
valley  in  D-region  NO  density  which  is  observed  under  quiet  conditions,  and  which 
is  indicated  by  the  inserts  in  Fig.  1  (see  Baker  et  al .  [8],  Offermann  [3]).  If 
switched  on,  the  increased  downward  velocity  w^  on  the  right  side  easily  fills 
that  valley  (by  even  moderate  eddy  coefficients,  see  Baker  et  al.  [8]),  as  is  in¬ 
dicated  by  the  inserts  in  Fig.  1.  The  action  of  the  varying  horizontal  wind  speed 
is  now  to  sweep  the  boundary  between  low  and  high  NO  density  in  the  D- layer  ac¬ 
ross  the  atmospheric  regime  which  is  probed  by  radio  wave  absorption  methods. 

Hence  the  observing  station  "sees"  increased  NO  density  and  therefore  a  winter 
anomaly  event  in  case  of  low  horizontal  wind  speed  v^ ,  and  no  winter  anomaly  at 
high  wind  speed  v^^.  This  "inverted  chimney  model"  easily  explains  the  NO  density 
variations  of  eibout  a  factor  4  (or  more)  observed  during  winter  anomaly  activity 
in  the  D-region. 

The  model  uses  only  two  atmospheric  parameters:  increased  turbulence  to  switch  on 
the  winter  anomaly,  and  increased  horizontal  wind  speed  to  switch  it  off  again. 
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Fig.  1  A  model  to  explain  D-region  n(NO)  density  variations  by  the 
combined  action  of  varying  vertical  transport  velocity  w  and  varying 
horizontal  wind  speed  v  (upper  part:  low  horizontal  wind  speed  v^^j 
lower  part:  high  horizontal  wind  speed  v^^;  tg«  = 


Either  process  undoubtedly  is  fast  enough  to  act  with  a  time  constant  of  cibout 
1  day.  The  model  suggests  that  the  winter  anomaly  is  associated  with  increased 
turbulence,  as  is  indicated  by  the  data  discussed  above.  It  furthermore  re¬ 
quires  that  winter  anomaly  activity  be  anti-correlated  with  horizontal  wind  speed 
in  the  altitude  layer  involved.  This  anticorrelation  refers  to  the  edasolute  values 
of  the  wind  speed. 

During  the  Western  European  Winter  Anomaly  Campaign  1975/76  a  number  of  wind  mea¬ 
surements  by  means  of  chaff  clouds  were  performed  (Rees  et  al.  [9]),  Fig.  2  shows 
the  results  of  a  correlation  analysis  of  the  wind  speeds  obtained  and  the  A3  radio 
wave  absorption  measurements  around  the  time  of  the  rocket  flights.  The  expected 
anti-correlation  is  clearly  seen  in  the  D-region.  As  the  number  of  rocket  flights 
was  limited  (13)  the  significance  of  the  correlation  coefficients  r  is  limited. 

The  vertical  bars  in  Fig.  2  indicate  altitude  regimes  were  the  significance  is 
better  than  95%.  (The  reversal  of  the  correlation  at  lower  altitudes  may  be  due  to 
the  strong  oscillations  present  in  the  atmosphere  during  that  Ccunpaign,  see 
Offermann  et  al.  [2]). 

To  improve  the  statistics  a  set  of  earlier  measurements  of  wind  speed  and  radio 
wave  absorption  (at  the  same  place  in  Spain)  was  analyzed.  About  30  rockets  mea¬ 
surements  were  performed  during  winter  anomaly  periods  ("patches")  in  the  years 
1968-1975.  Preliminary  results  of  the  correlation  analysis  are  also  shown  in 
Fig.  2.  They  are  very  similar  to  those  of  the  1975/76  campaign.  It  is  therefore 
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Fig.  2  Correlation  coefficient  r  of  horizontal  wind  speed  v  (absolute 
values)  and  radio  wave  absorption  L.  The  left  picture  shows  the  results 
of  the  Western  European  Winter  Anomaly  Campaign  1975/76.  L  values  were 
taken  around  the  launch  times  of  the  rockets.  The  right  picture  shows 
respective  results  from  earlier  measurements  in  1968  to  1975  (noon 
measurements) . 


felt  that  the  "inverted  chimney  model"  together  with  mesospheric  temperature  va¬ 
riations  bears  some  significance  for  the  explanation  of  the  winter  anomaly.  It 
should  be  noted  that  this  model  predicts  a  reversed  correlation  if  the  location 
of  the  radio  wave  sounding  volume  is  shifted  from  the  upwind  boundary  of  the  re¬ 
gion  of  enhanced  NO  density  (Fig.  1)  to  its  downwind  boundary.  Respective  data 
are  presently  analyzed. 
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ABSTRACT 

It  is  often  observed  that  the  stratospheric  and  mesospheric  temperature  structure 
undergoes  transient  disturbances  from  its  averaged  steady-state  behavior.  The 
causes  may  be  traceable  to  gravity  waves,  planetary  waves,  solar  proton  and  rela¬ 
tivistic  electron  precipitation,  etc.  We  examine  the  theoretical  time  behavior  of 
the  atmospheric  temperature  following  the  cessation  of  such  heating  phenomena  as  it 
relaxes  toward  its  quiescent  steady-state  value.  We  also  study  the  time-dependent 
response  during  a  model  stratospheric-warming/mesospheric-cooling  event.  In  par¬ 
ticular,  we  investigate  the  roles  of  eddy  heat  conduction,  non-LTE  cooling  in  the 
15um  CO2  band,  and  an  ambient  vertical  wind,  and  their  relative  importance  as  they 
depend  upon  altitude  and  time,  in  modifying  temperature  changes  in  this  region. 

INTRODUCTION 


In  the  height  region  50-100  km,  the  mean  temperature  structure  is  controlled  by  UV 
heating,  wave  heating,  eddy  cooling  and  long-wave  cooling  in  the  15um  CO2  band. 

'*'’1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - ]  However,  the  standard  mean  temp¬ 

erature  is  often  strongly  perturbed 

,,o-  _  by  transient  heating,  which  is 

1.72  commonly  attributed  to  increased 

.  „  wave  activity.  Other  sporadic 

\  heating  mechamsms  may  be  important 

1^/'  y  at  high  latitudes,  such  as  deposi- 

»o-  ^  solar  protons  (Fig.  1)  and 

'"X  ~~ - joule  heating  (Banks,  [1]).  The 

.0-  ...  y,'  tr  oo«'’csT  .present  interest  is  not  so  much  in 

«o-Nj.n  these  heating  processes,  but  in  the 

I  dissipative  processes  restoring  the 

disturbed  temperature  to  its  mean 
!  state. 

^  >  These  dissipative  processes  are  eddy 

_ I  I  I  I  j  I  I  I  conduction  and  long-wave  radiative 
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TEMP01ATURE (K)  important  in  the  mesosphere.  Radi- 

Fig.l.  A  strongly  perturbed  atmosphere  ative  processes  dominate  below  about 

during  a  solar  proton  event  [8].  40  km,  and  eddy  conduction  dominates 
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above  about  60  km,  at  least  according  to  the  profile  of  the  eddy  conductivity  K„  of 
Park  and  London  [2].  This  value  of  is  quite  uncertain,  and  may  vary  from  season 
to  season.  Indeed,  there  are  good  reasons  for  doubting  the  validity  of  the  entire 
concept  of  the  mixing- length  theory  as  applied  to  the  mesosphere;  however,  as 
discussed  later,  the  present  results  may  be  useful  in  evaluating  its  usefulness. 

In  contrast,  the  radiative  processes  are  fairly  well  understood,  at  least  in  the 
region  below  ''-75  km,  the  height  of  vibrational  relaxation  of  the  15um  CO2  band. 
Above  this  altitude  it  is  necessary  to  take  into  account  non-LTE  effects  of  the 
thermal  emission  properties  of  the  atmosphere.  We  have  adopted  the  method  of 
Kupetov  [3]  for  calculating  the  non-LTE  heating  rate  in  the  region  above  75  km. 

This  provides  greater  accuracy  than  the  cooling-to-space,  or  Newtonian  cooling 
method,  which  is  in  wide  use  in  numerical  modelling. 

FORMULATION 

To  study  time-dependent  changes  in  temperature  T,  it  is  necessary  to  consider  the 
thermodynamic  equation.  It  may  be  shown  that  this  takes  the  form  (e.g..  Gay  and 
Thomas,  [4])  gp 

l^(pCpT)  =  pCp(q^  +  q^)  +  wgp  -  ^  (1) 

where 

Fh  =  P'^pV  "  -PCpKH(3T/Sz  +  g/Cp)  +  pCpWT 

t  =  time,  p  =  density,  c  =  specific  heat  at  constant  pressure,  q  and  q  .  are  the 
diurnal  averages  of  the  Ret  radiative  heating  and  dynamical  heating  rates  per  unit 
mass,  w  and  V.  are  the  diurnal  averages  of  the  vertical  and  horizontal  wind  compo¬ 
nents,  and  K  "is  the  eddy  conductivity.  F.  and  pc.wT  are  the  advective  enthalpy 
fluxes  in  the  horizontal  and  vertical  directions,  and  -pc  KL|(3T/az  +  g/c  )  is  the 
eddy  flux.  A  daily  average  is  required  in  order  to  suppress  changes  sucR  as  24- 
hour  changes  in  solar  insolation,  tidal  and  gravity  wave  heating.  We  assume  that 
the  mean  diurnal ly-averaged  temperature  is  in  a  steady-state 

l^(pCpT)  =  pCp(q^  +  q^)  +  Qgp  -  =  0  (2) 

The  bars  (*)  denote  the  values  of  the  various  quantities  in  the  steady-state. 
Introducing  a  perturbation  heat  source  o  ,  it  is  easily  shown  that  the  perturbed 
temperature,  given  by  T(z,t)  =  T(z)  +  0(z,t),  is  described  by 


|^(pc  6)  =  pc  (q-^  +  q  )  +  |^pc  f]  -  f^pc  we] 


(3) 


where  we  have  assumed  that  q  and  hence  0  depend  upon  height  and  time  only,  and  are 
not  functions  of  the  horizontal  coordinate.  We  have  suppressed  any  consequent 
changes  in  the  vertical  wind  field,  due  to  the  increased  heating,  since  this  may  be 
lumped  into  the  heat  source  q  .  q'  is  the  change  in  the  net  heating  rate,  due  to 
the  different  temperature.  We  will  assume  that  the  UV  heating  term  is  unaffected 
and  that  q'^  describes  only  the  long-wave  IR  radiative  heating/cooling. 

SIMULATIONS 


Two  model  situations  are  studied;  1)  an  initial-value  problem  of  the  relaxation 
of  an  initial  temperature  'spike'  (actually  a  thin  sheet),  and  2)  a  model  strato¬ 
spheric  warming  event.  We  first  consider  the  relaxation  of  an  initial  lOK  tempera¬ 
ture  perturbation  centered  at  90  km.  Equation  (3)  was  integrated  numerically, 
assuming  3p/3t,  q'  and  q  are  all  zero  and  with  the  boundary  conditions 
30/3z(12O  km)  =  0(50  km)  «  0.  The  results  are  shown  in  Figure  2  for  a  total 


HEKjHT  (Km) 


Middle  ALniDSphere  Temperature  Perturbation  Dissipation 


129 


•0^ - 


period  of  10  days,  revealing  the  expected  broadening  of  the  initial  spike  and  the 

decrease  of  the  maximum 

,on  _  _ temperature.  After  an 

initial  period  of  rapid 
cooling  ('^-2  days)  due  to 

-  eddy  conduction,  the 
profile  has  broadened  to 
the  point  where  eddy 

-  cooling  gives  way  to  a 

^  slower  radiative  cooling 

^ _ °  with  a  time  constant  of 

^  .^5  days.  Note  also  the 

drift  upwards  of  the 
position  of  the  maximum 
”T  temperature.  This  is  due 

to  the  term 

rol _ I _ I _ J  8/9z(pc  K^)3e/3Z  which 

0  01  0.10  1  00  acts  like^an  (upward) 

NORMALIZED  TEMPERATURE  PERTURBATION  advection  term,  where  the 

effective  vertical  velo- 

Fig.2  Relaxation  of  a  'thin-sheet'  temperature  per-  city  is  W  = 

turbation.  (pc  )"'3/3zIpc  K^). 

Figure  3  shows^tRe  influ¬ 
ence  of  a  typical  mid-latitude  solstice-condition  vertical  velocity  (+1  cm  s”’ 

i?0| - r - r — TTi - r— - — — l  In  suiTimer,  -1  cm  s~'  in  winter). 

\  \  UPWARD  WIND  During  the  summer,  eddy  conduction 

110-  V  y  -  bolsters  the  overall  advective 

^  velocity  to  'vtI.9  cm  s"',  and 

J  (00-  J  during  the  winter,  diminishes  the 

t  velocity  to  '^'-0.4  cm  s"’.  Similar 

j  90 - -  results  were  found  for  an  initial 

^  ^ -  peak  centered  at  70  km. 

80- 

We  now  consider  the  dissipative 

rol _ I - - — — I -  effects  of  eddy  conduction  and 

s(K)^  radiative  transfer  on  a  strata- 

'20| - r — 1-  r-n - 1 -  spheric  warming  event  propagating 

N.  V  \l  DOWNWARD  WWD  upwards  into  the  mesosphere. 

110-  '  Geisler  [5]  has  presented  calcu- 

^  lations  of  the  perturbed  winds  and 

I  too-  temperatures  in  the  mesosphere 

K  during  such  an  event,  but  has 

^90 - -  included  only  a  constant  Newtonian¬ 
s'  cooling  coefficient.  In  lieu  of 

80-  ^  '  solving  the  full  set  of  dynamical 

and  thermodynamical  equations,  we 

roL — - 1 - 1 - J  have  used  the  results  of  Geisler 

8(K)-^  '  for  the  heating  rate  q  (z,t),  due 

to  both  adiabatic  coolTng  and  hori- 

Fig.3  (a)  Same  as  Fig.2_but  for  an  upward  zontal  advection.  However,  we 
wind  M  of  +1  cm-s“‘.  (b)  for  a  down-  include  the  damping  mechanism  of 

ward  wind  W  of  -1  cm-s”'.  eddy  conduction  and  consider  a  more 

accurate  treatment  of  the  radiative 


,3  (a)  Same  as  Fig.2_but  for  an  upward 
wind  M  of  +1  cm-s“‘.  (b)  for  a  down¬ 

ward  wind  W  of  -1  cm-s”'. 


transfer,  including  the  non-LTE  effects.  Geisler's  results  show  that  the  effect 
of  horizontal  advective  heating  dominates  q  in  the  lower  mesosphere  and  strato¬ 
sphere,  but  that  adiabatic  cooling,  due  to  the  vertical  wind,  is  dominant  in  the 
upper  mesosphere.  This  out-of-phase  relationship  is  in  agreement  with  observa¬ 
tions  (e.g.,  Labitzke,  [6]. 
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The  effects  of  the  upward  propagating  planetary  wave  are  shown  in  Figure  4.  To 

illustrate  the  dramatic  damping  effects  of  oddv  conduction  and  radiative  transfer, 

we  compare  the  model  predictions 
with  those  using  only  the  simple 
Newtonian  cooling.  This  shows  how 
the  temperature  evolves  with  time 

at  fixed  height  levels.  The  'wave' 

of  cooling  in  the  upper  mesosphere 
is  followed  by  a  compensating 
warming  as  the  air  subsides.  How¬ 
ever  the  presence  of  eddy  dissipa¬ 
tion  drastically  reduces  the  temp¬ 
erature  amplitude,  by  more  than  a 
factor  of  two  in  the  mesopause  (80- 
90  km)  region.  The  spatial  re¬ 
distribution  of  the  heat  also  causes 
the  phase  of  the  disturbance  to  be 
advanced  by  as  much  as  4  days. 

In  major  stratospheric  warmings,  of 
the  kind  modelled  here,  temperature 
changes  of  +50K  are  not  unusual 
near  the  stratopause  (Labitzke, 

[6]);  the  corresponding  lower 
thermospheric  cooling  is  not  as  well 
observed.  Hernandez  [7]  has  ob¬ 
served  several  distinct  cooling 
events  of  the  order  -lOK  at  ^-97  km 
by  measuring  the  Doppler  width  of 
the  5577  8  green  line  nightglow. 

To  summarize,  we  have  shown  by 
simple  model  simulations  that  the 
combined  effects  of  long-wave 
cooling  and  eddy  conduction  must  be  taken  into  account  in  calculating  the  tempera¬ 
ture  damping  in  any  realistic  numerical  models  of  the  upper  mesosphere.  With  the 
availability  of  satellite  measurements,  it  should  now  be  possible  to  submit  the 
often-abused  concept  of  eddy  heat  conduction  to  a  critical  test.  We  suggest  that 
a  good  way  to  do  this  is  to  examine  the  transient  behavior  during  disturbed 
periods. 

This  work  has  been  supported  by  the  Atmospheric  Sciences  Section  of  the  National 
Science  Foundation. 
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Fig. 4  Time  evolution  of  the  model  strato- 
spheric-warmi ng/mesospheric  cooling 
at  fixed  heights.  Dashed  curves  - 
results  for  Geisler's  model  including 
only  Newtonian  cooling.  Solid  lines 
present  results,  including  eddy  heat 
conduction. 
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ABSTRACT 

The  variability  and  systematic  variations  of  the  properties  of  the  upper 
mesosphere  and  lower  thermosphere  are  probably  the  least  well  known  aspects  of 
the  terrestrial  atmosphere.  Satellite  measurements  of  this  region  are  very 
limited  and  rocket  etnd  remote  sounding  techniques  do  not  provide  comprehensive 
coverage .  Progress  is  being  made  in  theoretical  studies  of  this  region ,  primar¬ 
ily  with  regard  to  tidal  effects,  cuid  some  progress  is  being  made  in  analyzing 
the  relatively  sparse  experimental  data  that  are  available.  Turbulence  dynamics 
of  the  region  has  been  studied  by  amalyzing  structure  measurements  at  Kwajalein, 
wind  data  from  Natal  and  systematic  variations  of  the  turbopause  altitude  deter¬ 
mined  from  measurements  of  the  diffusive  separation  of  argon.  One  question  that 
is  being  raised  at  this  time,  and  it  is  appropriate  at  a  time  near  solar  maximum, 
is  the  extent  of  solar  activity  control  of  the  properties  of  this  region  of  the 
atmosphere.  The  occurrence  rates  emd  magnitudes  of  the  turbulent  diffusivity  in 
the  70  to  90  km  altitude  region  appear  to  correlate  with  solar  activity  with  a 
time  lag,  as  do  also  the  incidence  of  aurora  and  the  atomic  oxygen  green  line 
intensity.  Solar  cycle  dependence  has  been  identified  in  mean  zonal  wind  speeds 
in  the  65  to  110  km  altitude  region  cUDOve  Saskatoon  and  in  lower  thermosphere 
temperatures  measured  at  Heiss  Island  and  at  St.  Santin.  Millstone  Hill  data 
show  that  the  meem  meridional  wind  changes  during  a  solar  cycle .  Solar  cycle 
variations  have  also  been  detected  in  the  stratosphere  and  troposphere. 

TIDES  IN  THE  MESOSPHERE  AND  THERMOSPHERE 

Forbes  and  Marcos  [1]  have  determined  the  diurnal  and  semidiurnal  tidal  variations 
in  the  lower  thermosphere  (150-250  km)  from  cunalysis  of  total  mass  density  data 
from  the  miniature  electrostatic  accelerometer  (MESA)  on  the  Atmosphere  Explorer- 
E  (AE-E)  satellite.  Comparisons  have  been  made  with  other  experimental  data  and 
theoretical  predictions.  Because  of  the  low  orbital  inclination  of  the  satellite 
the  data  are  limited  to  latitudes  less  than  20® .  The  eunplitude  of  the  diurnal 
tide  in  mass  density  for  solar  minimum  is  shown  in  Figure  1.  Plotted  are  curves 
from  the  MSIS  1977  [2]  and  Jacchia  1971  [3]  models,  Forbes  [4]  theory,  and  MESA 
emd  NACE  experimental  data.  It  cam  be  seen  that  the  diurnal  eunplitude  of  the 
Jacchia  1971  is  too  large  below  250  km  altitude.  Figure  2  is  the  corresponding 
plot  of  the  phase  of  the  diurnal  tide.  Big  differences  between  the  data  and  the 
MSIS  model  occur  in  the  lower  thermosphere.  Theoretical  cunplitudes  for  the 
diurnal  and  semidiurnal  tidal  components  of  mass  density  at  solar  minimum  are 
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Fig.l  Diurnal  amplitude  of  total  ma^^s  density 
versus  height  for  the  AE-E  MESA  data  (solid  circles) , 
San  Marco  3  NACE  (open  circles) ,  Forbes  1978  (solid 
curve) , MSI S  (dashed  curve),  and  Jacchia  1971  (dash- 
dot  curve)  for  equatorial  latitudes  at  sunspot 
minimum. 


DIURNAL  PHASE  (LT) 


Fig.  2  S2ime  as  Figure  1  except  for  phase  of 
diurnal  ccxnponent . 
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shown  in  Figure  3  for  the  equator  and  40®N.  The  predominant  tide  changes  from 
semidiurnal  below  approximately  180  km  to  diurnal  above  this  trcinsition  altitude. 
The  semidiurnal  tide  has  an  important  latitude  dependence. 


Fig.  3  Theoretical  calculations  for  amplitude  of 
diurnal  cind  semidiurnal  components  of  total  mass 
density  at  0®N  and  40®N  under  equinox  conditions  at 
sunspot  minimum,  using  the  Forbes  1978  model  with 
tidal  winds  and  temperatures  from  Garrett  euid  Forbes 
1978  as  input. 


Forbes  and  Marcos  [5]  have  extended  the  diurnal  tide  portion  of  the  previous 
study  from  considering  only  total  density  to  include  also  0  and  N2 ,  from  con¬ 
sidering  only  solar  minimum  to  also  solar  maximum,  and  to  a  large  reuige  of 
latitudes .  Theory  indicates  that  oxygen  variations  are  strongly  influenced  by 
seasonal  differences  in  the  winds,  whereas  N2  responds  primarily  to  temperature, 
which  has  a  different  seasonal  dependence  than  the  winds.  The  tidal  variation 
of  total  density  is  primarily  determined  by  the  sum  of  that  of  0  and  N2  emd  thus 
is  rather  complicated.  Figure  4  shows  the  theoretical  amplitudes  and  phases  of 
the  0,  N2 ,  and  total  density  diurnal  tide  during  solar  minimum  compared  with  AE-E 
composition  [6]  and  density  [1]  data.  The  0  data  and  theory  agree  well,  but  the 
^2  and  total  density  values  are  essentially  interchanged.  Refinements  in  the 
theory  may  result  in  changes,  but  it  is  expected  that  the  total  density  curves 
will  be  some  weighted  average  of  those  for  0  and  N2  in  this  altitude  region. 
Forbes  [7]  has  obtained  an  updated  least-squares  fit  to  the  1970-1975  Millstone 
Hill  exospheric  temperatures  in  a  12  term  expression  similar  to  that  in  the  MSIS 
model.  A  number  of  the  coefficients  have  values ‘significantly  different  from 
those  in  the  MSIS  model.  The  differences  between  Forbes'  results  and  the  MSIS 
values  are  largely  due  to  the  use  by  Forbes  of  the  more  accurate  two-pulse  data, 
whereas  the  MSIS  model  is  based  on  the  less  accurate  and  uncorrected  one-pulse 
data.  In  addition,  the  solar  cycle  coverages  of  the  two  studies  are  different. 
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Forbes  pl^ns  to  extend  his  study  to  1979  using  Millstone  Hill  data  and  back  to 
1966  using  Arecibo  data. 


Fig.  4  Theoretical  diurnal  amplitudes  emd  phases  at  SSMIN 

for  0  ( - ) ,  N-  ( - )  and  total  mass  density  (-~)  under 

equinox  conditions  at  the  equator.  Data  for  oxygen  (trianges) , 
nitrogen  (solid  circles)  and  total  mass  density  (open  circles) . 


In  further  theoretical  tidal  calculations  Forbes  [7]  has  used  improved  repre¬ 
sentations  of  ion  drag,  molecular  viscosity  and  conductivity,  EUV  heating,  and 
background  temperature.  He  now  finds  that  the  diurnal  exospheric  temperature 
maximum  is  at  15.1  hours  at  the  equator,  which  is  in  much  better  agreement  with 
satellite  and  incoherent  scatter  measurements.  The  amplitude  of  the  semidiurnal 
exospheric  temperature  variation  associated  with  the  (2,2)  mode  propagating  into 
the  thermosphere  is  found  to  have  a  much  smaller  solar  cycle  dependence.  The 
amplitude  of  the  thermospheric  semidiurnal  temperature  variation  generated  by 
in-situ  UV  and  EUV  absorption  is  determined  to  be  twice  as  large  as  was  found 
in  previous  calculations.  Further  improvements  in  the  theory  will  include  the 
addition  of  background  winds,  latitude  variations  of  background  temperature  and 
composition,  and  mutual  diffusion  between  O  and  N2 . 

Hedin  et  al  [6]  cinalyzed  neutral  composition  and  temperature  data  from  the 
Neutral  Atmosphere  Composition  Experiment  (NACE)  and  Neutral  Atmosphere  Tempera¬ 
ture  Experiment  (NATE)  on  the  Atmosphere  Explorer-E  (AE-E)  satellite  for  magneti¬ 
cally  quiet  periods  between  December  1975  and  September  1976.  The  diurnal  tidal 
cunplitudes  emd  phases  for  N2 ,  0,  He,  Ar,  and  temperature  were  derived.  They  are 
applicable  to  low  latitudes  (^  20”)  .  Figure  5  shows  the  diurnal  amplitudes  and 
phases  for  N2  and  0,  plus  the  MSIS  model  and  Mayr  and  Harris  [81  model  profiles. 
The  amplitudes  of  0,  He  and  Ar  near  150  km  are  significantly  larger  than  the 
amplitude  of  Nj .  The  circulation  model  predicts  these  effects,  being  the  result 
of  wind-induced  molecular  diffusion  that  is  mainly  effective  between  120  and  200 
km,  as  can  be  seen  by  the  sharp  eunplitude  drop  below  150  )un.  N2  is  least 
affected  because  it  is  most  nearly  in  diffusive  equilibrium.  The  temperature 
tidal  cunplitudes  deduced  from  the  N2 ,  O  and  He  density  profiles  are  in  good 
agreement  with  those  measured  by  NATE,  except  for  the  He  amplitude  Iselow  200  km 
where  transport  causes  important  departures  from  diffusive  equilibrium. 
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Fig.  5  Diurnal  amplitude  (logarithmic)  and  phase  versus 
altitude  for  N2  and  O.  Shown  are  data  from  AE-E  and  San 
Marco  3  as  well  as  the  MSIS  empirical  model  and  the  Mayr 
and  Harris  theoretical  model. 

In  a  further  study  Hedin  et  al  [9]  derived  the  amplitudes  and  phases  of  the 
semidiurnal  and  terdiurnal  tides  in  the  equatorial  thermosphere  from  NACE  and 
NATE  measurements  on  the  AE-E  satellites  for  the  same  time  period  for  which  they 
derived  the  properties  of  the  diurnal  tide.  Figure  6  shows  the  semidiurnal 
eunplitude  and  phase  for  O  from  the  NACE  data,  plus  some  San  Marco  3  data  and 
curves  for  diffusive  equilibrium,  MSIS,  Forbes  and  Mayr  models.  The  agreement 
between  experiment  jmd  theory  is  reasonably  good.  For  N2 ,  diffusive  equilibrium 
and  the  MSIS  model  agree  better  with  the  experimental  data  than  do  the  Forbes  ^uld 
Mayr  models.  This  again  supports  the  conclusion  that  N2  is  very  nearly  in  dif¬ 
fusive  equilibrium.  The  amplitude  of  the  semidiurnal  tide  near  150  km  is  roughly 
the  same  for  all  atmospheric  species  and  increases  with  decreasing  alitude.  This 
suggests  an  origin  in  the  lower  thermosphere  or  below  for  the  observed  semi¬ 
diurnal  tide.  Figure  7  shows  the  terdiurnal  2unplitude  and  phase  for  O  frcxn  NACE, 
plus  curves  for  the  MSIS  and  Mayr  models.  The  Mayr  model  agrees  well  with  the 
data  but  the  MSIS  model  considerably  underestimates  the  amplitude .  Mayr  et  al 
[10]  have  suggested  that  the  terdiurnal  tide  arises  from  a  nonlinear  interaction 
between  the  semidiurnal  and  diurnal  tides. 


Tidal  data  have  been  obtained  in  the  altitude  r2uige  90  to  100  km  by  determining 
winds  using  LF  drift  measurements  (11)  .  The  exact  height  of  the  measurement  is 
determined  by  the  reflection  height  and  this  varies  with  time.  Measurements  are 
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Fig.  6  The  semidiurnal  variation  of  atomic  oxygen  density 
from  AE-E  NACE  and  San  Marco  ,3  plus  four  theoretical  curves. 


Fig.  7  The  terdiurnal  variation  of  atomic  oxygen  density 
from  AE-E  NACE  and  San  Marco  3  data  plus  two  curves  from 
models . 

normally  restricted  to  the  period  between  sunset  and  sunrise  due  to  the  high 
daytime  ionospheric  absorption  of  LF  waves.  Both  zonal  and  meridional  wind 
components  have  been  measured  at  the  Collro  Geophysical  Observatory,  GDR  since 
1959.  The  semidiurnal  tide  dominates  both  wind  components,  but  the  prevailing 
wind  can  also  be  determined.  Particular  attention  has  been  given  to  seasonal 
variations  of  the  wind  and  changes  during  stratospheric  warmings  ^md  geomagnetic 
storms.  For  example,  every  autumn  rapid  phase  movements  occur  between  10  and  30 
October  and  they  can  be  very  different  from  one  year  to  another.  In  addition, 
a  reversal  has  been  observed  in  the  zonal  prevailing  wind  direction  between  20 
September  and  20  October.  In  general,  wind  field  disturbances  accompanying 
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stratospheric  warmings  extend  to  the  90  to  100  km  altitude  region,  but  there  are 
a  few  cases,  mostly  early  winter  events,  where  stratospheric  warming  has  no  effect 
at  all  in  this  altitude  region.  The  measured  winds  show  short-period  velocity 
fluctuations,  presumably  caused  by  internal  gravity  waves. 

TURBULENCE  DYNAMICS 

Zimmerman,  Philbrick  and  colleagues  have  studied  turbulence  dyneimics  in  the 
mesosphere  and  lower  thermosphere.  In  one  study  fl2]  they  analyzed  data  from 
several  sets  of  measurements  of  atmospheric  density,  temperature  and  winds  in  the 
mesosphere  obtained  at  Kwajalein  Atoll  during  1976-1978.  The  measurements  were 
made  with  passive  inflatable  spheres  and  accelerometer  instrumented  rigid  spheres. 
Richardson  numbers  were  calculated  from  the  wind  and  temperature  data  and  were 
used  to  indicate  the  regions  where  turbulence  would  be  expected.  Figure  8  shows 
the  density  profiles  plotted  relative  to  the  Cole  and  Kantor  [131  tropical 
atmosphere.  In  addition,  the  Richardson  numbers  calculated  from  the  temperature 


■^ig.  8  Density  measurements  and  Richardson  numbers  for  falling 
sphere  flights  at  Kwajalein  Atoll  on  18  May  1977.  (a)  the  density 
measurements  are  shown  as  a  ratio  to  the  Cole  and  Kantor  tropical 
atmosphere  for  four  Robin  Sphere  flights  and  one  accelerometer 
instrumented  sphere. 

and  wind  data  are  plotted  for  the  range  of  values  (O^R^  <1).  Negative  values  are 
plotted  at  Rj^=0,  and  the  values  less  than  0.25  are  indicated  by  solid  shading. 
Values  less  than  0.25  are  accepted  as  an  indication  of  the  presence  of  turbulence. 
The  regions  that  exhibit  a  large  variability  between  successive  density  profiles 
taken  several  hours  apart  correspond  to  the  regions  predicted  by  the  stability 
calculations  to  be  turbulent.  These  data  also  indicate  that  the  vertical  thickness 
and  persistence  of  the  turbulent  layers  in  the  mesosphere  tend  to  increase  with 
increasing  altitude . 

The  deviations  from  the  mean  of  observed  meridional  wind  cunplitudes  at  Natal  for 
the  altitude  region  35  to  85  km  [14]  are  shown  in  Figure  9.  Here  can  be  seen  an 
exponential  increase  of  the  amplitude  with  altitude,  somewhat  indicative  of  the 
conservation  of  energy  density  1/2  pv^  where  p  is  the  mass  density.  The  large 
shears  generated  at  the  upper  altitudes  by  the  increasing  wind  amplitude  and  a 
relatively  constant  wavelength,  cause  the  upper  altitude  regions  to  tend  towards 
instability,  as  indicated  by  decreasing  values  of  the  Richardson  number.  This  was 
seen  in  the  Kwajalein  data  in  Figure  8.  Comparison  of  turbulence  occurrence  rate 
data  for  Wallops  Island  (in  Figure  10)  with  the  equatorial  data  shows  a  more 
nickrked  instability  occurrence  in  the  midlatitude  lower  mesosphere  than  at  the 
equator . 
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Fig.  8(b)  The  Richardson  numbers  calculated  from  the 
temperature  emd  wind  measurements  £ure  shown  for  the  range 
of  values  0<R^  <1  with  the  negative  values  (Rj^<0)  indicated 
at  Rj^+0. 


Fig.  9  Deviations  from  the  mean  of  meridional  wind  speeds 
at  Natal  in  the  35  to  85  ]as  altitude  region. 
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Fig.  10  Turbulence  occurrence  rate  as  a  function  of 
altitude  at  Wallops  Islaind,  VA  OS^N)  for  the  years 
1961-1967. 


The  dynamics  of  the  upper  mesosphere  eind  lower  thermosphere  have  been  studied 
using  rocketborne  chemical  releases,  radio  meteor  analysis  and  diffusive  sepa¬ 
ration  of  Ar  and  N2  from  mass  spectrometer  measurements.  In  particular,  the 
turbopause  altitude  was  derived  from  the  Ar/N2  ratio  by  Danilov  et  al  [15,16). 

The  diurnal  variation  of  the  turbopause  altitude  was  determined  for  both  winter 
and  summer.  Figure  11  shows  the  mid  (30®N)  emd  high  (SCN)  latitude  winter 
average  diurnal  variation  of  the  turbopause  altitude  [14] .  Figures  12  zuid  13 
show  the  relationships  between  the  equatorial  turbopause  variability  and  ap  and 
T120»  respectively.  The  turbopause -temperature  120  km  relation  implies  that 
turbulent  heat  treuisfer  is  the  domincuit  mechanism  controlling  the  local  energy 
flux.  Thus,  as  the  turbopause  altitude  increases  enhanced  heat  transfer  occurs 
just  below  the  turbopause,  with  a  reduction  of  the  temperature  which,  because  of 
continuity  of  transfer  across  the  turbopause,  is  felt  at  120  km. 

SOLAR  CYCLE  DEPENDENCE 

There  is  probably  some  solar  cycle  dependence  of  the  properties  of  all  regions  of 
the  atmosphere.  To  date  the  only  region  for  which  this  dependence  is  accurately 
qu2mtified  and  well  understood  is  the  upper  thermosphere.  There  are  two  reasons 
for  this.  The  first  is  that  in  some  ways  the  physics  cuid  dy^^unics  of  this  region 
is  simpler  than  that  of  the  lower  regions  of  the  atmosphere  and  the  second  (and 
the  prime  reason  for  the  first)  is  that  the  ratio  of  the  input  solar  radiation 
energy  to  the  thermal  and  dynamic  energy  stored  in  the  atmosphere  is  larger  and 
thus  the  solar  cycle  dependence  is  larger.  Nevertheless,  solar  cycle  dependence 
in  other  regions  of  the  atmosphere  must  be  looked  for  and  identified.  Some 
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research  in  this  area  is  reviewed  in  this  section.  it  must  be  realized  that  some 
of  the  results  are  preliminary  and  not  necessarily  conclusive  and  that,  at  this 
time,  we  do  not  have  a  conclusive  picture  of  the  solar  cycle  dependence  of  these 
portions  of  the  atmosphere. 
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Fig,  11  The  turbopause  altitude  as  a  function  of  local  time 
at  midlatitude  OO^N)  and  at  high-latitude  (80®N) . 
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Equatorial  turbopause  height  (h^)  as  a  function 
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Fig.  13  Equatorial  turbopause  height  (h^)  as  a  function  of 
the  temperature  at  120  km. 

Zimmerman  and  Murphy  (17J  plotted  yearly  averaged  occurrence  rates  of  turbulence 
and  turbulent  diffusivity  summed  over  the  altitude  region  75  to  90  km  for  Wallops 
Island  (Figure  14)  and  compared  them  with  sunspot  numbers  and  the  10.7  cm  solar 
flux  for  the  period  1961-67.  These  data  suggest  a  correlation  with  a  two  year 
time  lag.  Zimmerman  (141  comments  that  it  is  fairly  apparent  that  the  turbulence 
occurrence  is  wave  induced  and  that  one  should  look  into  the  lower  atmosphere  for 
the  source  mechanism  of  these  waves  to  understand  more  properly  the  solar  relation¬ 
ship.  Silverman  (18]  found  that  the  incidence  of  aurora  and  the  atomic  oxygen 
green  line  intensity  correlate  with  the  sunspot  number  with  a  time  lag  of  about 
one  year  (Figure  15) .  These  phenomena  occur  at  higher  altitudes  than  those  of 
the  Zimmerman  study  eind  probably  also  involve  different  processes. 

Gregory  and  his  colleagues  (19]  have  measured  winds  at  Saskatoon  in  the  altitude 
region  65  to  110  km  since  1969  using  the  partial  reflection  radio  wave  technique. 
The  data  for  the  period  1969-1975  have  been  analyzed  for  long  period  waves.  Waves 
with  periods  of  3 -months,  semi-annual  and  annual  were  found,  in  addition  to  a 
quasi-biennial  oscillation  (20] .  Recently,  Gregory  (21]  has  found  in  the  monthly 
mean  zonal  wind  speeds  a  marked  solar  cycle  dependence,  with  a  6  to  1  ratio  of 
wind  speed  values,  for  the  half  solar  cycle  (1969-1975).  We  will  eagerly  await 
analysis  of  more  recent  data  (to  complete  one  solar  cycle)  and  a  determination  of 
the  physical  cause  of  the  phenomenon.  Gregory  states  that  similar  effects  have 
been  observed  at  Christchurch,  N.Z.  and  in  Germany. 

Results  of  neutral  temperature  measurements  of  the  polar  lower  thermosphere  using 
artificial  sodium  clouds  at  Heiss  Isleind  (80°N)  during  the  period  1968  to  1976 
show  a  large  variation  as  a  function  of  the  solar  cycle  [22] .  The  measurements 
were  made  at  twilight  during  spring  or  autumn.  Primarily  data  obtained  under 
relatively  quiet  conditions  were  analyzed  for  this  study.  Figure  16  shows  the 
observed  lower  thermosphere  temperatures.  The  values  at  90  )an  were  obtained 
with  a  ground-based  LIDAR  interacting  with  the  natural  atmospheric  sodium  layer. 
Figure  17  shows  a  plot  of  the  temperature  at  165  km  compared  with  the  sunspot 
numbers  for  the  same  time  period .  The  data  suggest  an  inversion  between  120  cuid 
170  km  with  the  temperature  becoming  less  when  solar  activity  increases.  This 
may  tje  a  genuine  effect  at  high  latitudes.  The  data  are  not  consistent  with  memy 
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Fig.  14  The  Wallops  Island  yearly  averaged  occurrence  rate 
and  turbulent  diffusivity  suiomed  over  the  altitude  region  75 
to  90  km  compared  to  the  10.7  cm  flux  and  sunspot  number. 


Fig.  15  Atomic  oxygen  (557.7  nm)  ed.rglow  intensity  normalized 
per  solar  cycle  as  a  function  of  the  sunspot  number  also 
normalized  per  cycle. 
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Fig.  16  Neutral  temperatures  measured  with  artificial  sodium 
clouds,  1968-1970  (solid  circles),  1970-1972  (half-solid  circles), 
spring  1974  (open  circles) ,  autumn  1974  (encircled  dots)  and  1976 
(crossed  solid  circles) .  The  temperatures  at  90  km  were  obtained 
by  Lidar  sounding . 


Fig.  17  Temperatures  measured  at  165  km  (circles  with  error 
bars)  plotted  as  a  function  of  time  between  1968  and  1976.  The 
sunspot  numbers  for  this  period  are  also  plotted. 
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atmospheric  models.  For  example,  the  Jacchia  1971  model  gives  an  exospheric 
temperature  of  840k  for  the  conditions  pertaining  when  the  1976  data  were  obtained. 
This  is  considerably  less  than  the  observed  temperature  of  approximately  HOOK 
near  150  km.  On  the  other  hand,  temperatures  measured  by  chemical  releases  (tri¬ 
methyl  aluminum--TMA)  at  Churchill  (59°N)  in  1968  [23]  were  much  higher  than  those 
from  Heiss  Island  at  about  the  same  time  as  can  be  seen  in  the  Table  . 


Location 


Date 


Temperature 


Heiss  Island 

Churchill 

Churchill 


Spring  1968 
Jan  1968 
Aug  1968 


420K 

650K 

700-800K 


Table .  Measured  temperatures  at  165  km 


Golomb  et  al  comment  with  regard  to  the  August  data.  The  highest  temperatures  at 
Churchill  (800K)  were  observed  24  hours  after  a  relatively  "cold"  dawn.  There 
was  no  evidence  of  strong  auroral  activity  when  the  temperatures  were  high.  How¬ 
ever  strong  activity  was  observed  during  a  subsequent  measurement  when  the 
temperatures  were  the  lowest  of  the  August  series.  The  results  can  be  seen  in 
Figure  18.  These  results  suggest  that  particle  heating  (presumably  enhanced  during 
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Fig.  18  Neutral  atmospheric  temperatures  at  Churchill 
determined  by  measuring  the  rotational  temperatures  of  AlO 
produced  by  the  release  of  TMA  in  the  upper  atmosphere. 

solar  maximum)  can  result  in  reduced  temperatures  in  the  lower  thermosphere  but 
also  that  the  temperatures  tend  to  return  towards  higher  values  at  altitudes  of 
170  Ion  and  above.  The  reduced  temperatures  in  the  lower  thermosphere  during  en¬ 
hanced  activity  could  be  caused  by  €ui  increased  production  of  nitric  oxide  with  a 
resulting  increased  rate  of  radiation  cooling  by  emission  of  the  5.3  )im  funda- 


I’li'pcil  il'S  <>l  llu'  Mi'SosphiTi'  .mil  l.owi-r  'I'lic nnos I'lu' n- 


14  7 

mental  band  [24],  Kockarts  finds  that  at  120  km  altitude  the  temperature  gradient 
decreases  from  about  20K/km  with  no  nitric  oxide  to  6K/km  with  the  NO  concentration 
of  Trinks  et  al  [25] .  These  are  consistent  with  the  Chanin  and  Tulinov  values  of 
7K/km  for  this  gradient  under  high  solar  activity  to  2lK/km  under  minimum  activity, 
implying  that  the  major  cause  of  the  change  is  due  to  a  major  change  in  the  NO 
concentration,  the  NO  concentration  being  considerably  enhanced  during  periods  of 
high  solar  activity.  Measurements  should  be  made  to  attempt  to  verify  this 
hypothesis . 

Oliver  [26]  has  made  an  extensive  analysis  of  data  collected  by  the  bistatic  in¬ 
coherent  scatter  radar  at  St.  Santin  (45°N) .  We  will  consider  in  this  review  only 
the  solar  cycle  dependence  of  lower  thermosphere  properties.  The  data  are  only 
for  daylight  hours  and  primarily  near  noon.  Bates  formula  for  the  neutral  tem¬ 
perature  profile  above  120  km  is 

T(z)  =  T„-(T„-TQ)exp[-s(z-ZQ)] 

where  T(z)  is  the  temperature  at  altitude  z,  T,^,  is  the  exospheric  temperature,  T^ 
is  the  temperature  at  the  reference  altitude  Zq  (often  taken  to  be  120  km)  and  s 
is  the  temperature  profile  shape  factor  indicating  how  rapidly  the  temperature 
rises  from  the  reference  altitude.  Figure  19  shows  the  solar-cycle  and  solar- 
rotation  variation  of  s.  The  solar-cycle  variation  clearly  demonstrates  the 


Fig.  19  Variation  of  s  with  solar-cycle  and  solar - 
radiation . 

inverse  variation  of  s  with  scale  height  (or  temperature)  gradient  since,  at  low- 
eind  mid-latitudes,  the  upper  thermosphere  temperatures  increase  with  solar 
activity.  The  solar-rotation  variation  of  s  is  also  shown  in  Figure  19.  This 
variation  is  less  by  a  factor  of  3  or  4  them  the  solar-cycle  variation,  indicating 
a  more  marked  atmospheric  response  to  variations  in  the  total  solar  UV  disk  com¬ 
ponent  than  in  its  active  area  component.  The  seasonal  variation  of  s  for  high 
and  low  solar  activity  is  shown  in  Figure  20.  The  variation  is  very  solar  cycle 
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Fig.  20  Variation  of  s  with  season  for  high  and  low 
solar  activity. 

dependent  and  becomes  quite  small  at  high  activity.  The  value  of  s  might  be  ex¬ 
pected  to  decrease  in  the  summer  due  to  higher  temperatures,  but  preferential 
transport  of  lighter  constituents  away  from  the  summer  hemisphere  tends  to  increase 
the  mean  mass  and  hence  the  value  of  s,  and  this  increase  dominates  at  low  activ¬ 
ity  but  the  effects  approximately  cancel  at  high  activity. 

Babcock  and  Evans  [27]  analyzed  thermospheric  winds  derived  from  incoherent 
scatter  measurements  at  Millstone  Kill  (42“H) .  Data  for  geomagnetically  quiet 
days  from  1970  (near  solar  maximum)  to  1975  (near  minimum)  were  analyzed  in  this 
study.  The  meridional  and  zonal  winds  showed  a  marked  seasonal  variation.  The 
amplitude  of  this  oscillation  did  not  appear  to  change  with  solar  activity.  How¬ 
ever,  the  annual  mean  meridional  wind  was  found  to  decrease  from  25  m/s  equator- 
ward  to  about  0  m/s  over  the  6-year  period.  It  is  believed  that  this  is  due  to  a 
much  larger  reduction  in  the  high-latitude  (particle)  heating  between  maximum  and 
minimum  than  in  the  magnitude  of  the  solar  UV  heating  over  the  same  period.  For 
the  same  reason,  the  meridional  winds  near  equinox  shifted  from  being  generally 
equatorward  at  maximum  to  being  poleward  at  minimum  and  the  winds  in  winter  became 
more  strongly  poleward  at  minimum.  No  solar  cycle  dependence  was  found  for  the 
diurnally  averaged  zonal  winds,  which  are  generally  eastward  in  winter  and  west¬ 
ward  in  summer . 

Although  this  review  is  not  concerned  with  the  stratosphere  and  troposphere  some 
work  on  identifying  possible  solar  cycle  variations  in  these  regions  will  be 
briefly  discussed  because  they  could  determine  the  variations  in  the  mesosphere 
and  above. 

Quiroz  [28]  has  analyzed  temperature  data  from  arcasondes  2uid  datasondes  for  35 
and  50  km  (near  the  stratopause)  altitudes  taken  during  solar  cycle  20.  The 
yearly  departures  as  well  as  3-year  moving  averages  (with  1-2-1  weighting)  were 
compared  to  the  mean  annual  sunspot  number,  both  for  the  individual  stations  emd 
for  all  seven  stations.  The  smoothed  temperature  departures  for  the  combined  data 
show  a  correlation  of  +0.89  with  sunspot  numbers  at  both  altitudes,  but  with  a 
greater  temperature  range  (4.5K)  at  35  )an.  The  data  from  the  individual  stations 
also  show  high  correlation  except  at  Poker  Flat  euid  Ascension  Island  at  50  )an. 

With  the  exception  of  these  two  stations,  the  temperatures  at  35  and  50  km  show  a 
reduction  of  3  to  6k  between  solar  maximum  (1968-69)  and  solar  minimum  (1976) .  The 
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data  at  35  km  tend  to  follow  the  mean  annual  sunspot  numbers  closely,  but  the 
data  at  50  km  do  not  follow  as  closely.  The  smoothed  combined  data  give  more 
than  a  4K  temperature  reduction  at  35  km,  but  only  a  3K  reduction  at  50  km. 

Quiroz  [29]  has  also  found  that  the  period  and  amplitude  of  the  stratospheric 
tropical  quasi-biennial  oscillation  (QBO)  in  zonal  wind  are  inversely  related  to 
solar  activity.  The  correlation  for  the  period  relationship  is  stronger  them  for 
the  amplitude.  Data  in  the  altitude  region  25  to  35  km  were  analyzed  for  the  time 
period  1951-1978.  The  highest  negative  correlation  coefficient  in  this  altitude 
region  was  obtained  with  a  time  lag  of  about  21  months,  with  an  inferred  in-phase 
relation  near  50  km  altitude.  Periods  in  the  range  27-34  months  were  associated 
with  low  solar  activity  and  periods  of  22-26  months  with  high  solar  activity.  The 
QBO  may  be  caused  by  absorption  of  solar  UV  by  ozone  and  the  period  due  to  the 
interaction  of  the  11-year  cycle  emd  seasonal  variations.  The  11-year  cycle  of 
solar  flux  is  not  a  simple  sine  wave  and  contains  components  of  higher  harmonics. 

A  frequency  five  times  that  of  the  fundamental  corresponds  to  a  period  between 
26  and  27  months.  Sakurai  [30]  has  reported  a  quasibiennial  variation  of  the 
solar  neutrino  flux  and  solar  activity. 

Nastrom  and  Belmont  [31]  report  that  the  amplitudes  of  the  harmonics  of  the  an¬ 
nual  cycle  in  stratospheric  zonal  wind  speed  vary  with  the  solar  activity.  The 
annual  wave's  amplitude  increases  from  solar  maximum  to  minimum  by  as  much  as  20%, 
while  the  ^unplitude  of  the  semiannual  wave  varies  in  the  opposite  direction,  de¬ 
creasing  up  to  50%  from  solar  maximum  to  minimum.  The  apparent  solar  cycle  modu¬ 
lation  is  present,  with  varying  magnitude,  at  all  latitudes  and  is  generally 
largest  near  the  stratopause.  Minjushink  [32]  has  extended  the  work  of  Quiroz 
and  has  investigated  the  possible  influence  of  the  11-year  solar  cycle  on  strato¬ 
spheric  circulation .  He  predicts  that  near  euid  following  a  solar  minimum  sub¬ 
tropical  high  pressure  systems  strengthen,  high  latitude  low  pressure  cyclones 
deepen  and  summer  anticyclones  weaken.  Conversely,  near  and  after  a  solar  maxi¬ 
mum  the  tropical  high  pressure  system  weakens,  high  latitude  cyclones  become  less 
intense  and  summer  cinticyclones  are  more  developed.  Nastrom  and  Belmont  [33] 
have  extended  their  stratospheric  studies  down  to  the  troposphere  and  have  de¬ 
termined  the  amplitudes  and  phases  of  the  11-year  solar  cycle  component  in  wind 
speed  and  temperature  at  radiosonde  levels.  The  largest  amplitudes  are  near  the 
tropopause  in  winter  where,  in  several  regions,  over  40%  of  the  inter^ulnual  vari¬ 
ance  of  the  wind  speeds  is  explained  by  the  solar  cycle  dependence . 
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DEVELOPMENT  OF  WIND 
OBSERVATIONAL  MODELS  FOR 
THE  UPPER  ATMOSPHERE  OF  THE 
EARTH  BASED  ON  THE  JOINT 
ANALYSIS  OF  DIRECT  AND 
I  INDIRECT  SOUNDING  DATA 


S.S.  Gaigerov,  D.A.  Tarasenko,  V.V.  Fedorov, 

V.G.  Kidiyarova,  Yu.P.  Koshelkov,  M.Ya.  Kalikhman, 

R.A.  Britvina  and  L.V.  Scherbakova 

State  Committee  of  the  USSR  for  Hydrometeorology  and 
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ABSTRACT 

i^arlier  latitudinal  distribution  models  of  zonal  winds  were  develo¬ 
ped  mainly  along  the  80 °W  meridian  [l,  2].  In  this  paper  an  attempt 
is  made  to  taKe  into  account  longitudinal  differences  in  zonal  and 
meridional  wind  distributions.  These  are  considerable  in  winter  pe¬ 
riods. 

INTRODUCTION 

.•ind  models  for  the  northern  hemisphere  stratosphere  and  mesosphere 
are  based  on  charts  of  mean  values  of  zonal  and  meridional  wind 
components  and  their  standard  deviations  for  tne  >0-80  Jon  altitud¬ 
es  witn  neight  intervals  of  5  icm.  Rocket  sounding  station  netwoii 
data  (1969-1977)  and  US8H  scientific  research  ship  rocket  data 
(1962-1977)  were  used  for  compilation  of  the  charts. 

As  rochet  sounding  data  do  not  provide  necessary  spatial  rerjlution, 
satellite  radiometer  sounding  data  transmitted  from  the  I'OA  as  sci¬ 
entific  exchange  information  were  used  for  compilation  of  the  charts, 
harlier  5i  2  and  0.4  mbar  contour  chai’ts  were  compiled  for  geostro- 
phic  wind  calculations.  For  the  1972-197:^  period  the  charts  were 
taken  from  [^J.  Beginning  from  1975  similai'  charts  have  been  com¬ 
piled  in  tne  Central  Aei'ological  Observatory.  Geostrophic  wind  va¬ 
lues  were  calculated  in  48  points  of  tne  hemisphere  (with  20°  la¬ 
titudinal  and  50°  longitudinal  intervads). 

Wn^D  mODBLS 

.-onthly  mean  values  of  geostrophic  wind  components  and  rocket  soun¬ 
ding  data  were  plotted  on  charts  and  anedysed.  An  example  of  these 
chai'ts  for  the  40  hm  level  in  January  is  given  in  Fig.l. 

On  the  basis  of  tne  charts  analysed  vertical  cross  sections  of 
monthly  mean  values  of  zonal  and  meridional  wind  components  and 
their  standard  deviations  along  four  meridians  (0°,  90°m,  180°, 
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Jj'ig.l.  a)  Chart  of  zonal  wind  mean  montaly  values  and 
tueir  stanaard  deviations.  January,  40  iun  level.  Solid 
lines  represent  western  wind  component,  dashed  lines  - 
-  eastern  wind  component,  dash-dotted  lines  -  standard 
deviations 
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b)  Chart  of  meridional  wind  mean  monthly  values 
and  their  stanaard  deviations.  January,  40  km  level,  .jo- 
lid  lines  represent  southern  wind  component,  dashed  lin¬ 
es  -  nortnern  wind  component,  dash-dotted  lines  -  stan¬ 
dard  deviations 
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yu*'  .. )  I'roiii  to  were  obtained,  rhe^^choicg  of  meridians  was 

determined  by  tiie  following  reasons.  The  0*"’-  18u°  cross  section 
gives  latitudinal  wind  distribution  over  the  nortnern  hemisphere 
ocecdis  and  the  -  y(j°n  cross  section  gives  wind  distribution 

over  tae  continents,  /ui  example  of  similar  cross  sections  is  giv¬ 
en  in  Fig.l. 

These  latitudinal  and  longitudinal  winu  distribution  models  chara¬ 
cterize  mean  circulation  conditions  of  many  yeai'S  in  tne  strato¬ 
sphere  and  mesosphere  of  the  northern  hemisphere. 

i'ne  cnarts  for  ratner  high  levels  CFig.y)  will  provide  the  mate¬ 
rial  for  furtner  development  of  more  valid,  detailed  models  of  the 
upper  mesosphere  and  thermosphere. 
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AB.STRACT 

imporTance  of  The  coupline  mechanisms  beTween  The  mesosphere  and  The 
re  has  increasinely  been  recoenized,  the  strucTure  and  variation  of 
■  has  become  one  of  the  subjects  of  extended  investigations  and  discus- 
spite  of  The.  fundamental  role  of  turbulence,  theoretical  difficulties 
of  observational  information  restrict  its  app’ i cabi 1 ity  to  atmospheric 
In  The  following  paper  '■he  basic  ideas  of  the  parameterization  of 
and  The  most  iraportant  observational  techniques  and  results  are 
The  comparison  of  observations  with  theoretical  model  calculations 
difficulties  which  underly  current  investigations  and  indicates  the 
future  research. 

ISTROnUCTfON 


lOGtRELATIVE  DENSITY) 


Fig.  I  Overview  on  The  subjects  covered  in  this  paper. 
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This  review  is  primarily  intended  to  eive  information  on  turbulenee  and  its  role 
in  upper  atmospheric  modeling  to  those  who  are  not  experts  on  this  subject. 
Therefore  complicating  details  will  be  avoided,  and  emphasis  will  be  placed  on 
the  presentation  of  the  basic  concepts  of  the  theory  and  observations  of 
turbulence,  especially  with  regard  to  thermospheric  modeling.  A  synopsis  of  the 
subjects  covered  in  this  paper  is  given  by  Figure  I.  Below  about  100  km  the 
atmosphere  is  mixed  by  turbulent  processes,  and  all  major  species  show  a  similar 
height  variation.  At  the  turbopause  level  turbulence  ceases,  and  at  higher 

altitudes  the  atmospheric  constituents  are  diffusively  separated.  Light  constitu¬ 
ents,  such  as  helium,  have  larger  scale  heights  than  heavy  constituents  such  as 
argon.  Thus  the  turbopause  region  corresponds  to  the  homopause  region  where  the 
homogeneous  mixing  ends.  We  shall  mainly  discuss  the  altitude  region  above  the 
mesopause  and  the  effect  of  turbulence  variations  on  the  neutral  composition  of 
the  thermosphere. 

BASIC  THKORETICAL  CONCEPTS  OF  TERBELENCE 

Turbulence  is  the  most  complicated  fluid  motion  we  know.  Even  in  the  simplest 
cases,  no  analytical  solutions  of  the  hydrodynamic  equations  are  known.  But 

natui-e  itself  offers  a  way  out  of  this  dilemma:  turbulence  is  a  stochastic 

process,  and  therefore  it  can  be  appropriately  described  by  statistical  methods. 


In  the  schematic  illustration  of  Figure  2  turbulent  motion  is  described  as  the 
superposition  of  large-scale  eddies  of  characteristic  dimensions  L  and  velocity 
fluctuations  (V),  The  velocity  fluctuation  (V)  is  the  statistical  parameter 
underlying  most  of  the  observational  results.  The  dimensionless  Reynolds  number 
Re  is  associated  with  the  eddies  according  to 
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„  L  ( V )  L  ( V I  <11 

Ko  -  p  - 
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whofo  V  and  >;  aio  tho  kinoniatic  and  dynamio  viscositios  and  p  is  the  donsity.  Kc* 
pan  also  bo  oonsidorod  as  the  ratio  of  inortial  to  visoous  forcos.  for  small 
values  of  Re  effects  of  viscosity  exceed  the  effects  of  inertia:  the  flow  is  non 
turbulent  or  laminar,  for  values  of  Re  larRor  than  a  ciitical  Reynolds  number  Re 
the  inertial  forces  dominate  over  the  viscous  forces  and  the  fluid  motion  becomes 
turbulent.  As  also  can  be  seen  from  Kicure  2,  the  laree  eddies  must  have  very 
hieh  Reynolds  numbers  due  to  the  hich  values  of  L  and  (V).  Viscous  dissipation  is 
then  of  minor  importance.  The  larce  eddies  therefore  transfer  their  kinetic 
eneri?y  to  smaller  eddies.  The  Reynolds  number  becomes  smaller  for  smaller  eddies, 
and  thus  the  importance  of  dissipative  processes  increases,  finally,  the  smallest 
eddies  have  Reynolds  numbers  of  the  order  of  Re  .  or  even  smaller.  Here  the 
energy  is  dissipated  by  viscous  damping. 

This  simple  illustration  of  turbulent  motion  shows  that  the  kinetic  energies  of 
the  eddies  depend  on  their  characteristic  scales.  The  interdependence  of  both 
these  parameters  -  kinetic  energy  and  characteristic  scale  L  -  is  called  an 
energy  spectrum.  The  typical  functional  form  of  a  turbulent  energy  spectrum  is 
shown  in  Figure  .1.  Starting  at  very  high  values  of  L.  the  energy  is  first  fed 
into  the  largest  eddies  and  turbulent  motion  is  built  up.  Then  the  energy  is 
coupled  to  eddies  of  decreasing  size:  viscosity  is  not  yet  of  importance,  and 
thus  this  region  is  called  the  'Inviscid  Range'.  Finally  -  in  the  'Viscous  Range' 
-  effects  of  viscosity  become  dominant  and  the  turbulent  motion  is  destroyed  by 
viscous  dissipation  of  energy.  The  range  of  energy  input  is  called  'Non-bniver- 
sal'  because  it  depends  on  the  type  of  force.  In  spite  of  this,  the  inviscid  and 
viscous  ranges  are  called  'Universal':  they  are  independent  of  the  forces  and  are 
described  exclusively  by  the  parameters  L,  (V)  and  v.  which  are  characteristic 
for  the  medium  and  the  geometry  under  consideration. 


Fig.  ,1  The  turbulent  energy  spectrum. 


160 


K.O.H.  Si'hmiiardl  .ind  I’.W.  Blum 


Obviously,  u  voiv  impoitiint  t  ui'bu  loiuv’  p;i  I'ainot  of  is  tho  onorgy  dissipation  rate, 
whioti  dosoribos  tho  ononey  transfor  in  tho  invisoid  rvingo .  It  can  bo  oxptossod  as 
a  function  of  L  and  (V),  and  tho  thoonotical  oxprossion  may  easily  bo  doiivod 
t  torn  a  simplo  d  imoo,s  i  a|ia  1  analysis.  Tho  onorgy  dissipation  rato  t  por  unit  mass 
has  tho  dimension  m“  s'.  The  only  combination  of  L  and  (V)  which  nosults  in  this 
dimension  is  given  by 


(2) 


Impoi'tanco  is  also  ascribed  in  atmospheric  dynamics  to  the  Richardson  number  Ri , 
which  is  tho  ratio  of  tho  buoyancy  forces  to  the'inertial  forces.  It  is  given  by 


Ri 


g 

T 


il 


(iXr 

3  2 
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Here  g  is  tho  acceleration  of  gravity,  3T  32  the  vertical  temperature  gradient, r 
the  adiabatic  lapse  rate  and  3V  32  the  vertical  gradient  of  the  hori2ontal  wind. 

Thus  we  have  obtained  three  important  parameters  characteristic  for  turbulent 
processes:  the  Reynolds  number,  the  energy  dissipation  rate  and  the  Richardson 
number.  In  atmosphei'ic  dynamics  the  Richardson  number  is  of  greater  importance 
than  the  Reynolds  number  because  buoyancy  forces  are  generally  more  significant 
than  viscous  forces.  Observational  evidence  has  shown  that  fluid  motion  becomes 
turbulent  for 


Ri  0.2S  (4) 

In  upper  atmospheric  modeling  an  even  simpler  description  of  turbulence  has 
pi'oven  to  be  successful:  it  is  the  concept  of  the  eddy  diffusion  coefficient  K. 
Analogous  to  the  molecular  diffusion  coefficient  h,  which  is  given  approximately 
by  the  product  of  the  mean  thermal  velocity  and  the  mean  free  path  X  of  the 

pa r t  i c  1  e s  a c c o rd  i ng  to 

n-Vth^  (t) 

K  is  defined  as  the  product  of  the  velocity  fluctuation  (VI  and  the  characteiis- 
tic  eddy  scale  L: 

K  (VI  L  (6) 

But.  whereas  the  molecular  diffusion  coefficient  H  can  be  derived  from  elementary 
principles  of  gas  dynamics,  K  must  at  the  present  be  considered  as  a  purely 
phenomenological  quantity,  in  spite  of  the  fact  that  a  theory  for  K  must  somehow 
be  hidden  in  the  fundamental  Navier-.Stokes  equations  of  fluid  motion. 

Although  according  to  equation  ((')  the  eddy  diffusion  coefficient  depends  on  the 
eddy  scale  si2es,  only  an  average  value  of  K  is  used  in  atmospheric  modeling.  An 
interpretation  of  P  and  K  used  in  atmospheric  modeling  is  shown  in  Figure  4.  The 
left  of  the  upper  diagram  shows  characteristic  altitude  profiles  of  the  coeffi¬ 
cients  of  molecular  diffusion  P  and  eddy  diffusion  K  |1,2J.  The  region  of  the 
turbopause  is  indicated  by  the  dashed  stripe.  On  the  right  of  the  upper  diagram 
corresponding  altitude  profiles  of  the  relative  atmospheric  densities  of  light 
and  heavy  constituents  are  given.  Piffusive  separation  starts  at  the  homopause, 
which  is  approximated  by  the  point  where  K  is  equal  to  P.  P  describes  the 
tendency  of  a  gas  mixture  towards  diffusive  separation,  whereas  K  describes  its 
mixing  tendency.  It  is  important  to  note  that  the  effects  of  eddy  diffusion  on 
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t  hoimosphoi' 1  e  eomposition  eati  also  bo  roprosontod  by  simpler  profiles  of  K,  such 
as  the  one  indicated  by  the  dotted  vertical  line,  without  a  serious  loss  of 
accuracy  1  ,1  1 .  The  lower  diacram  of  KiRure  4  shows  the  effect  of  changes  of  the 
eddy  diftusion  coefficient  on  atmospheric  composition.  An  increase  of  eddy 
diffusion  in  the  way  shown  in  this  figure  is  equivalent  to  an  increase  in  the 
homop.iuse  height.  In  the  height  range  above  the  homopause  this  leads  to  an 
increase  in  the  density  ratio  of  heavy  to  light  constituents. 


(  DDY  IHKIUSION  COt  F  F  I  (.  I  f  N  T  K  AND  C  OMF’O  S  I  1  I  ON 


VARIATIONS  OF  K  AND  COMPOSITIONAL  CHANGES 


Fig.  4  The  eddy  diffusion  coefficient  and  its  effect  on  neutral  composition. 
From  Figure  4  Two  important  conclusions  can  be  drawn: 

1.  Most  important  with  respect  to  thermospheric  composition  is  the  altitude 
variation  of  turbulence  between  about  OO  and  110  km. 

2.  A  mass-spectrometric  determination  of  the  atmospheric  composition  around 
100  km  offers  a  method  to  determine  the  homopause  height  and  thus  yields  an 
estimate  of  the  eddy  diffusion  coefficient  at  this  altitude  I.T-S]. 
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OHSKRVATIONAL  MKTHOPS  OK  Tl'RBI'LKNCK  I’ARAMKTKRS 

I  ti  till'  uppoi'  pat't  of  KiKut'o  a  some  rcsult-s  of  oiw  fotogoine  disoussioti  are 
piosoiit od ,  with  spooial  attontion  eivon  to  ohsorva t i ona I  toihniquos.  Ohsorvahlo 
atmosphoi'io  quantities  and  the  turbulenee  parameters  whieh  can  he  derived  from 
them  ,ire  shown. 

I.  Composition  mea sui'oment s  lead  to  an  estimate  ot  K  at  the  homopause  altitude. 

Z.  Kind  ohservations  lead  to  the  determination  of  K  and  i  . 

t.  In  addition,  temperature  profiles  are  required  tor’  the  determination  of  the 
Riehardson  Number’  Ri. 

4.  Kinally,  although  not  yet  mentioned,  eons idera t i on  of  the  turbulent  heat 
eonduetion  and  vertical  temperature  profiles  allows  a  determination  of  the 
height  dependenee  of  K  to  be  made  [<>,7|. 
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Fig.  S  Importan*^  observational  techniques  of  turbulence  parameters. 

In  the  lower  part  of  Figure  S  fhe  altitude  ranges  and  the  turbulence  parameter's 
which  can  be  determined  by  seven  important  observational  techniques  are  presented: 
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1.  Till'  obsi'rva r  I  on  ot  t  .illinc  sphoros  in  tho  mososphoro  and  lowof  rhermosphoro 
yiolds  all  thi'oo  impoitant  tui'buloiuo  patamotors  1  I  . 

2.  Tho  mothod  ot  cronado  explosions  consists  of  an  acoustii-  ray  tracing  of 
t'ockot-borno  explosions  and  also  leads  to  the  detefminat I  on  of  the  three 
turbulence  parameters  Ri,  >  and  K.  It  is  limited  to  an  upper  altitude  of  UO  km 
!  s  .  u  !  . 

1.  Rocket-borne  cloud  releases  llO-K'!  and 

4.  radio-meteor  data  aie  analogous  methods.  Optical  scattering  and  scattering  of 
isidio  waves  fiom  meteor  trails  are  observed  in  the  first  and  second  cases, 
respectively,  both  of  these  techniques  yield  c  and  K  and  cover  the  altitude 
region  around  100  km  | 17-21!. 

V.  The  parti.il  reflection  method  was  originally  developed  for  D-region  ohserva- 
t  ions  ot  electron  densities.  It  also  yields  >  and  K.  hut  it  is  limited  to  the 
mesosphere  and  lower  ther  mosphere  (  22  | . 

Radar-deduced  information  on  turbulence  can  be  extended  to  higher  altitudes  by 
incoherent  scatter  observations  of  the  lower  thermospheric  temperature  pro¬ 
file.  from  which  K  can  be  derived  |7l- 

7.  finally,  composition  measurements  allow  estimates  of  the  homopausc  height  and 
t  hits  of  K  id-  do  i  . 
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Kicuro  ('  .show.s  tin-  .iltituiio  ilopoiKioiui'  of  t  ho  odily  ilittii.sion  ooot  f  i  o  i  ont  ,is 
doiivod  f  I'oni  t'oui'  diftoi'oiit  mothods.  Ml  obsorvat  ions  Tof'or  to  moan  and  hich 
latitudos.  Ropor  |  I  I  dotivod  his  piotilo  from  oloud  ohsotvat  i  ons ,  Zimrnorman  of 
al.  !'i  ’  from  eronado  oxplosions  at  70"  and  .i^°.  rospoot  i  vo  ly ,  .Sohloeol  ot  al. 

!  JZ 1  from  tho  p;uri<il  roflootion  mothod  .it  70°  .md ,  finally,  Aloaydo  ot  al.  [7I 
ostimatod  thoir  profilos  from  inoohotonf  so.ittor  lomporafuro  profilos  at  4t°. 
Most  of  tho  profilos  do  not  oovor  tho  turhop.iuso  rotiion.  Moroovor.  a  oomparison 
with  tho  molooular  diffusion  oooffioiont  If  shows  th.it  -  with  tho  oxooption  of  tho 
profilos  dorivod  by  Ropor  1  I'll  and  .Moaydo  of  al.  17!  -  they  do  not  allow 
oonolusions  to  bo  m.ido  on  tho  homopauso  hoicht.  Thus  thoso  obsorvat i ons  do  not 
pormit  an  ostimato  of  tho  influonoo  of  tuibulonoo  on  noutral  composition.  Howovor 
-  ovon  loss  sa t  i  s t ao t oi'v  -  difforont  mothods  yiold  difforont.  if  not  oon t lad i ot o- 
ry  rosults.  Thoso  d  i  so lopano i os  do  not  rofor  to  absoluto  valuos  only,  but  ovon  to 
tho  qualitative  soasonal  bohaviour  of  turbulonoo.  Thus  tho  eronado  data  iuj  show 
high  winter  and  low  summer  turbulence  at  high  latitudos  in  tho  mososphoro,  while 
tho  partial  roflootion  mothod  |  ZZ'  indicates  an  increase  of  turbulence  from 
spring  to  summer.  Tho  partial  roflootion  data  exhibit  the  same  tendency  as  tho 
profilos  derived  from  incoherent  scatter  tompor.itiiros  I7I.  which  .also  show  a  high 
summer  and  a  low  winter  turbulence.  They  obviously  disagree  with  tho  high 
l.ititudo  mesospheric  obsorv.it  i  ons  of  Zimmerman  ot  al.  'ui.  while  they  are  in 
bettoi'  accordance  with  Zimmerman's  mean  l.ititudo  results. 


Fig.  7  .Seasonal  variations  of  the  eddy  diffusion  coefficient  at  100  km 
obtained  by  different  methods. 

In  order  to  obtain  better  information  on  tho  soasonal  variation  of  turbulence 
with  respect  to  neutral  composition  changes,  wo  will  now  restrict  oui'  considera¬ 
tions  to  observations  in  tho  homopauso  region  around  100  km.  Throe  techniques 
yield  suitable  results:  the  incoherent  scatter  data  derived  by  Moaydo  of  al. 
[7l.  composition  measurements  and  radio  meteor  data.  Tho  latter  two  methods  were 
not  included  in  Figure  b. 
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Kieure  7  shows  the  seasonal  changes  of  turbulence  deduced  from  these  three 
methods.  The  diagram  presents  the  variation  of  the  eddy  diffusion  coefficient 
versus  season  for  an  altitude  of  about  100  km.  The  dashed  curve  represents  the 
data  derived  from  incoheient  scatter  [7l.  the  fully  drawn  curve  indicates 
composition  measurements  by  Danilov  et  al.  [2T  I  and  the  dotted  curve  shows 
radio-meteor  data  by  Roper  [21  ].  Whereas  [  7)  and  |2T|  refer  to  the  northern 
hemisphere.  |2l|  refers  to  the  southern  hemisphere.  Obviously,  there  is  a  strong 
seasonal  vai'iation  of  turbulence.  But  it  is  not  possible  to  combine  all  results 
in  order  to  obtain  at  least  an  unambiguous  trend.  Therefore  it  is  impossible  at 
the  present  to  rely  on  conclusive  observations  of  seasonal  changes  of  turbulence 
in  modeling  the  uppei'  atmosphere. 

TIRBILKNCK  AND  ATMOSPHKRIC  MODFLING 

Due  to  the  lack  of  observational  information  on  the  details  of  turbulent 
behaviour,  no  final  determination  of  the  role  of  turbulence  in  upper  atmospheric 
models  is  presently  possible.  Thus  we  shall  discuss  in  the  third  section  of  our 
paper  the  following  question:  what  phase  and  amplitude  must  the  seasonal  varia¬ 
tion  of  turbulence  possess  in  order  to  explain  the  observed  thermospheric 
variations  of  neutral  composition? 

Figure  k  shows  the  seasonal  variation  of  the  relative  densities  of  He  and  Ar  at 
250  km  at  high  northern  latitudes.  The  observations  are  derived  from  the  MSLS- 
model  [24]  and  are  given  by  the  fully  drawn  lines.  The  dashed  lines  result  from 
seasonal  temperature  variations  alone.  Thus  a  considerable  part  of  the  seasonal 
changes  -  indicated  by  the  hatched  areas  -  is  possibly  due  to  seasonal  variations 
of  turbulence.  Recalling  the  effects  of  turbulence  variations  on  neutral  composi¬ 
tion  as  sketched  in  Figure  4.  we  expect  low  winter  turbulence  due  to  the  winter 
He  bulge  [25]  and  high  summer  turbulence  due  to  the  summer  Ar  bulge. 


Fig.  s  Observed  seasonal  variations  of  helium  and  argon  in  the  upper 
thermosphere  at  250  km  and  high  northern  latitudes  derived  from  the 
MSIS  model.  The  dashed  curve  indicates  density  variations  caused 
solely  by  changes  of  the  exospheric  temperature. 
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This  cissumpt  loii  is  indeed  eont'irmed  by  model  cii  I  en  I  u  t  i  ons  1 2t'-2s  I  ;is  shown  in 
Figure  0.  The  horizotiTal  axis  gives  the  season,  and  the  vertical  axis  gives  the 
turbopause  height.  The  diagram  lef'ers  to  mean  and  high  latitudes.  The  dashed  line 
represents  the  results  of  the  model  calculations  by  Ilium  et  al.  !  27  !  which  are 
compared  to  turbopause  height  determinations  derived  from  mass  spectrometer  and 
incoherent  scatter-  dat.i.  Obviously  the  model  contradicts  the  observations  of 
Panilov  et  al.  |2T  1  but  it  is  qualitatively  in  agreement  with  the  obser-va t i ons  of 
Alcayde  et  al.  [7  1.  It  is  important  to  note  that  the  absolute  values  of  the  model 
depend  on  the  boundary  conditiv^ns.  Therefore  the  quantitative  difference  between 
the  incoherent  scatter-  der  ived  data  and  the  model  poses  no  serioits  problems. 


COMPARISON  OF  MODEL  WITH  OBSERVATIONS 


Fig.  u  Comparison  of  calculated  seasonal  variations  of  turbopause  height 
with  variations  derived  from  observations  of  turbulence  parameters. 

It  should  be  pointed  out  that  turbulence  variations  are  not  necessarily  required 
to  explain  the  seasonal  variation  of  composition.  A  different,  but  also  success¬ 
ful  explanation  is  offered  by  the  process  of  redistribution  of  thermospheric 
constituents  due  to  g'obal  seasonal  winds  [ 2h-T2 ] .  But  as  this  is  not  the  subject 
of  this  paper,  we  will  not  enter  into  the  detail  ;  here.  In  another  paper  in  this 
volume  [to]  these  problems  are  discussed  more  extensively. 

Fnfortunate 1 y ,  no  compelling  theoretical  arguments  can  be  given  for  either  one  of 
the  seasonal  variations  of  turbulence  shown  in  Figure  0.  Thus,  at  least  at  the 
present,  the  discrepancies  between  some  observations  and  model  calculations  and  - 
even  more  confusing  -  between  observations  obtained  from  different  techniques 
cannot  be  resolved. 
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1  i  11,1 1  1  y .  .iiK'tIu'r  phonomonon  will  be  rons  ulofod .  wtiiih  has  bei'ii  susigostt'd  by 
v.iiious  i  nvi’s  t  1  sia  t  oi's  to  bo  possibly  oaiisod  by  variations  of  turbulonoo:  the 
oh.mso  of  uppor  atmosphorio  oomposition  durine  stoomagnot  i  o  d  i  sturbanoos  |  vi ,  o4  !  • 
Tho  loft  sido  of  licuro  10  shows  tho  latitudinal  ohangos  of  oomposition  during 
t  ho  m.i  i  n  phaso  of  a  gooniagnotio  storm.  Tho  vortical  axis  gives  tho  ratio  of  tho 
disturbod  to  tho  undisturbod  donsitios.  Tho  data  aro  dorivod  from  KSRO  4  mass 
spootromotor  obsorvations  |  j.  Thoso  ohangos  qualitatively  resemble  tho  soasonal 
oh.ingos  t  tom  wintor  to  sunimdr  conditions:  the  He-density  is  decreased,  and  tho 
\r-don'-ity  is  incroasod.  This  bohaviour  suggosts  an  oxplanation  simil.tr  to  tho 
exp  1  ,in,i  t  i  on  of  so.isonal  density  changes:  a  variation  of  the  turbopause  height 
with  l.ititudo.  Tho  right  sido  of  I'iguro  10  shows  model  calculations  by  Blum  et 
a  I .  '44  which  relate  tho  observed  density  distribution  to  an  increase  of  tho 

tuibop.iuso  height  with  latitude.  Combined  with  variations  of  the  exospheric 
t ompor.ituro .  this  mechanism  is  indeed  able  to  explain  the  observations. 


Ht  I  i,M  :  '  k  M  ) 


Kig.  10  Compos i t i ona I  changes  during  geomagnetic  disturbances: 
obsorvations  and  model  calculations. 


I  Inf Oft una t e I y . 

t or i St i c  time 


this  oxplanation  runs  into  theoretical  difficulties, 
T  for  eddy  diffusion  processes  is  given  by 


as  the  charac- 


■J 

ir 

K 


(7) 


where  H  is  the  atmospheric  scale  height.  It  is  easily  seen  that  x  is  of  the  order 
of  hours  to  days  at  the  turbopause  level.  Therefore  the  characteristic  reaction 
time  of  the  atmosphere  to  turbulence  changes  is  much  longer  than  the  characteris¬ 
tic  time  of  the  geomagnetic  disturbance.  On  the  other  hand,  the  very  simplicity 
of  this  explanation  and  the  good  fit  of  the  observations  seem  to  indicate  that 
turbulence  variations  are  very  useful  as  a  parameter  even  in  cases  where  the 
physics  behind  the  processes  is  not  yet  fully  understood  [  ,16 1 .  Those  who  strongly 
object  to  this  application  of  turbulence  variations  should  be  reminded  that  the 
hydrodynamic  equations  give  good  results  even  under  conditions  where  they  should 
not  theoretically  be  applicable. 


•lust  as  in  the  case  of  seasonal  variations  of  composition,  in  the  case  of 
geomagnetic  variations  the  mechanisms  of  global  thermospheric  wind  fields  also 
offer  an  alternative  explanation  of  the  observed  compositional  changes  1,17]. 
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CONCLUSIONS 

Before'  .summarizing  oui'  eone  I  us  i  ons ,  we  would  like  to  note  that  we  have  omitted  a 
diseussion  of  the  mesospheric  and  lower  thermospheric  sources  of  turbulence,  as 
this  is  a  broad  and  complicated  field  ot  theoretical  studies  and  investigations 
outside  this  review.  In  conclusion,  the  present  results  of  the  effects  of 
turbulence  on  the  neutral  upper  atmosphere  can  be  summarized  as  follows: 

1.  Observations  below  00  km  do  not  allow  conclusions  on  neutral  composition. 

2.  Observations  covering  the  turbopause  altitude  do  not  show  consistent  results. 

s.  Model  calculations  based  on  upper  thermospheric  composition  suggest  low  winter 
and  high  summer  turbulence. 

4.  Puring  geomagnetic  disturbances  model  calculations  suggest  an  increase  of 
t  urbu 1 ence . 

5.  The  effects  of  winds  tend  to  alter  the  calculated  turbulence  variations 
s i gn i f i cant  1 y . 

o.  No  theoretical  evidence  is  known  for  turbulence  variations. 

7.  More  observations  of  turbulence  in  the  turbopause  region  are  required. 
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ABSTRACT 

SolajL-  radiation  intensity  variations  leaa  to  eddy  diffusion  coeffi¬ 
cient  variations  and  are  closely  connected  with  variations  of  both 
neutral  atmosphere  constituents  in  which  only  eddy  mixing  (helium) 
plays  a  determining  part  and  those  in  which  photochemical  processes 
(atomic  oxygen)  are  also  significant,  A  possible  mechanism  of  the 
semiannual  density  variation  occurence  in  the  Earth’s  upper  atmo¬ 
sphere  is  obtained. 

K  Eddy  Variations 

The  process  of  eddy  diffusion  determines  to  a  great  extent  the 
neutral  composition  of  Earth’s  upper  atmosphere  and  its  variations. 
However,  the  question  of  nature,  intensity  and  variations  of  upper 
atmosphere  mixing  has  not  been  definitely  solved  at  present.  A 
number  of  authors  put  forward  atmospheric  circulation  as  an  alter¬ 
native  to  eddy  mixing, 

Eddy  mixing  occurence  at  heights  100  km  is  connected  with  atmo¬ 
sphere  heating  under  molecular  oxygen  dissociation  by  solar  radia¬ 
tion.  (High  latitude  regions  would  not  be  considered  here  because 
of  the  existence  of  specific  heatij^  sources).  Paper  [II  suggests 
a  calculation  scheme  for  the  eddy  diffusion  coefficient  K  based  on 
thermosphere  and  mesosphere  thermodynamic  stability.  Assuming  full 
heat  redistribution  over  the  globe,  the  mean  eddy  diffusion  coeffi¬ 
cient  was  obtained  in  [11  and  estimates  were  made  of  maximum  rates 
of  vertical  movements  and  corresponding  horizontal  winds  necessary 
for  elimination  of  asymmetry  in  the  energy  input  into  the  upper 
atmosphere.  In  the  other  extreme  case  -  when  a  global  wind  system 
is  not  formed  and  heat  redistribution  over  the  globe  does  not 
occur  -  we  get  estimates  of  maximum  E  value  variations.  In  [2] 
with  conditions  for  different  latitudes  during  solstice  it  is  found 
that  the  value  of  E  -  thei^maximyn  eady  diffusion  coefficient  - 
varies  little,  being  ~  lOicmpS”!  in  the  summer  hemisphere,  and  de¬ 
creasing  abruptly  to  IO^cm*^s”  at  in  the  winter  hemisphe¬ 

re.  Similar  values  are  obtained  in  [31  mid-latitudes. 
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Let  ua  estimate  the  characteristic  time  oi'  heat  transfer  to  the  lo¬ 
wer  atmosphere  by  eaay  heat  conduction  HVK.  For  K  =aiO'« 

id^,  iO^cm'^s"  and  H  =  6  km  we  get  respectIWly  4(10^,10^, 

10°) s.  Comparing  the  value  with  the  charucteristic®rlme  necessary 
for  gas  transfer  across  half  of  the  terrestrial  hemisphere  with 
horizontal  wind  rate  for  heights  100-110  km  V  5  m  s“  LlJ  • 

C  «2.10°  s~25  days,  we  see  that  TT  and  'C*  .  jpe^comparable 

only  for  the  winter  hemisphere  region^where  K  «r'^l0^cra'^s~  .  This 
means  that  this  is  the  only  region  where  one  can  expect  horizontal 
winu  transfer  (and  hence  corresponding  vertical  gas  movements)  to 
liave  a  considerable  .influence  on  upper  atmosphere  composition.  In 
all  other  regions  eddy  diffusion  prevails,  vertical  movements  play¬ 
ing  only  "corrective"  or  long  term  roles. 

The  eddy  diffusion  coefficient  has  its  maximum  and  minimum  coincid¬ 
ing  witn  heat  influx  maximum  and  minimum,  respectively.  Similar 
conclusions  were  obtained  in  [2l  where  K  v/as  estimated  from  atmo- 
spneric  composition  variations  in  He  and^.  However,  in  the  inter- 
meaiate  region  K  values  are  lower,  and  thus  the  "corrective"  role 
of  the  wine  system  takes  place.  Note  that  it  also  follows  from  the 
abovementioned  estimates  of  "t  that  atmospheric  midlatitude  tur¬ 
bulence  reacts  relatively  fast  (several  hours)  to  incoming  energy 
variations  in  summer  in  comparison  to  winter  (several  days). 

o/N^  variations 


Calculations  of  annual  midlatitude  variations  of  0/Np  at  a  height 
of  ipO  km  were  performed  on  the  basis  of  K  annual  variations  having 
a  maximum  in  summer  t4l.  These  values  were  obtained  from  known  he¬ 
lium  concentration  variations  and  corresponaing  solar  dissociating 
raaiation  variations.  Lissociating  radiation  increase  leads  to  an 
increase  in  the  0  density.  Corresponding  eddy  mixing  intensifica¬ 
tion  increases  the  downward  flow  of  atomic  oxygen,  that  is  decreas¬ 
ing  the  0  uensity.  The  net  effect  of  these  actions  results  in  O/Np 
maxi mums  in  equinoctial  periods,  that  agree  well  with  experimental 
data  at  130  km  (Fig.l).  (See  e.g.  l4l ,  13] ) • 

CONCLUSION 

Thus,  solar’  raaiation  intensity  variations,  caused  by  latitude  or 
season  changes  lead  to  eddy  diffusion  coefficient  variations  and 
are  closely  connected  with  variations  of  both  neutreil  atmosphere 
constituents  in  which  only  eddy  mixing  (helium)  plays  a  determin¬ 
ing  part  and  those  in  wnich  photochemical  processes  (atomic  oxy¬ 
gon)  are  also  significant.  A  possible  mechanism  of  the  semiannual 
density  variations  occurrence  in  the  iSarth's  upper  atmosphere  is 
obtained  that  should  be  considered  while  modelling  the  neutral 
composition. 
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1.  oemi annual  variations  of  O/Wp  ratio  at 
150  km  (  -  experimental  data,  -theory) . 
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ABSTRACT 

Thermospheric  model  calculations  are  presented  which  explain  the  seasonal  composi¬ 
tional  changes  of  helium  and  argon  by  the  combined  effect  of  seasonal-latitudinal 
variations  of  turbulence  and  global  seasonal  winds.  The  observational  base  of  the 
model  calculations  is  given  by  empirical  data  of  upper  thermospheric  densities 
and  by  estimates  of  the  turbopause  height  derived  from  composition  measurements 
and  incoherent  scatter  temperatures  in  the  lower  thermosphere.  The  results  are 
compared  with  observations  of  the  seasonal  variability  of  atomic  oxygen  in  the 
turbopause  region. 

INTRODUCTION 

Kmpirical  models  based  on  the  satellite  observations  of  the  last  two  decades  have 
led  to  significant  progress  in  the  phenomenological  description  of  the  upper 
thermosphere  1  ll  .  Our  understanding  of  the  dynamical  processes  required  for  the 
construction  of  theoretical  atmospheric  models  is  much  less  complete.  The  two 
mechanisms  'wind'  and  'turbulence'  are  both  considered  to  be  major  causes  of 
seasonal  variations  in  the  thermosphere  (2,Tl.  Between  the  cold  winter  and  the 
hot  summer  hemisphere  a  pressure  gradient  develops,  which  induces  a  thermospheric 
meridional  wind  blowing  from  summer  to  winter.  This  results  in  upward  winds  in 
summer  and  downward  winds  in  winter.  Quantitative  observations  of  the  seasonal 
winds  are  difficult,  although  they  have  been  verified  qualitatively.  In  addition, 
seasonal  variations  of  turbulence  have  been  observed.  The  boundary  layer  between 
mixing  and  diffusive  separation  undergoes  a  seasonal  variation  of  the  order  of  10 
to  20  km  1  4.S  !•  These  observations  are  still  controversial  with  respect  to 
quantitative  values  as  well  as  to  the  qualitative  seasonal  behaviour  of  turbu¬ 
lence.  Both  mechanisms  -  winds  as  well  as  turbulence  variations  -  significantly 
affect  the  neutral  composition  of  the  thermosphere.  A  winter  decrease  of  the 
turbopause  height  as  well  as  a  summer-to-winter  wind  would  produce  the  winter  He 
bulge  and  the  summer  Ar  bulge  (  h  ],  in  exact  agreement  with  mass  spectrometer 
observat i ons  (71. 

MODEL  CALCULATION.S  AND  RE.SIILTS 

In  this  paper  model  calculations  arc  presented  which  interpret  the  seasonal 
density  variations  of  helium  and  argon  as  a  combined  effect  of  global  winds  and 
seasona 1 -lat i tud  ina  1  variations  of  turbulence.  The  model  is  a  three-component 
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iikhIoI  with  .1  b.ukct'ouiul  c.is  and  tho  two  ininof  cons  t  i  t  non  t  s  Ho  and  Ac  and  rofots 
to  t  iio  .iltitudo  laiiKo  hotwoon  ^0  and  lOO  km.  Out'  model  is  based  on  simplified 
hvd  fodynami  ca  I  equ.itions  in  otdei'  to  give  more  transparency  to  the  calculations 
'!.  As  we  .ire  de.iling  with  long-time  variations,  the  continuity  equations  apply 
to  the  st, It  ionary  stato.  Only  the  momentum  equations  of  the  minor  constituents, 
i.e.  the  diffusion  equations,  are  considered.  Finally,  the  energy  equation  is 
ropFued  by  observed  t emper.it ures  and  by  the  parameterization  of  the  meridion.il 
wind  field  .ind  the  eddy  diffusion  coefficient. 


Fig.  1  Observed  relative  variations  of  turbulence  in  the  northern  hemisphere. 

First  results  of  the  model  1  6]  have  already  shown  that  for  any  given  turbulence 
variation  a  well-determined  wind  field  can  be  derived  from  the  compositional 
changes  of  the  wind  constituents.  However,  from  theory  alone  it  cannot  yet  be 
decided  which  of  the  two  mechanisms  is  more  effective.  Therefore  observational 
data  of  either  turbulence  or  winds  are  required.  Figure  1  shows  two  different 
seasonal  v.iriations  of  the  eddy  diffusion  coefficient  in  the  northern  hemisphere. 
The  solid  line  is  derived  from  lower  thermospheric  composition  measurements  by 
Panilov  et  al.  1  4  I*  The  dots  and  the  intuitively  drawn  connecting  line  are 
inferred  from  incoherent  scatter  temperatures  by  Alcayde  et  al.  ['ll.  While  in 
both  cases  the  extremes  occui'  at  solstice,  the  amplitudes  have  different  signs, 
clear  evidence  for  the  unreliability  of  available  observations. 

Helium  and  Argon 

Thus  two  different  annual  variations  of  turbulence  are  derived  from  Figure  1  and 

arc  used  as  the  basic  observational  information  in  our  model  calculations.  These 

turbulence  variations  and  the  corresponding  wind  fields  resulting  from  the  model 
are  given  in  Figure  2.  In  the  upper  diagram,  the  solid  curve  shows  the  turbulence 
variation  derived  from  the  incoherent  scatter  data  by  Alcayde  [  5l  •  The  dashed 

curve  is  inferred  from  the  homopause  observations  by  Danilov  [  4j  •  Both  these 

variations  refer  to  the  polar  northern  hemisphere.  Therefore  -  due  to  their 
symmetry  with  respect  to  season  -  the  south  polar  turbulence  is  given  by  the 
mirror  images  of  these  curves.  The  two  lower  diagrams  represent  the  wind  fields 
at  140  km,  which  are  required  in  addition  to  the  turbulence  variations  to  result 
in  observed  seasonal  changes  of  He  and  Ar  in  the  upper  thermosphere.  In  both 
cases  the  curves  show  the  typical  structure  of  the  seasonal  meridional  wind  cell: 
at  winter  solstice  we  obtain  south-to-north  horizontal  winds  and  northern  down¬ 
ward  winds.  The  maximum  velocities  are  10  ms  in  the  horizontal  and  0.2  m '^s  in 
the  vertical  direction.  Thus  the  vertical  velocity  is  generally  smaller  than  the 
horizontal  velocity  by  a  factor  of  about  SO.  These  large  wind  amplitudes  are 
based  on  high  winter  turbulence  (dashed  curves).  A  low  winter  turbulence  (fully 
drawn  lines)  results  in  meridional  winds  which  are  considerably  smaller.  It 
should  be  mentioned  that  this  latter  case  is  similar  to  the  results  derived  in 
our  turbulence  models  f  .1 1  and  discussed  in  our  preceding  review  paper  [ Q J . 
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Kie.  -  .SoHSOnal  variations  of'  turbulence  and  meridional  winds.  The  turbulence 
variations  are  derived  from  the  data  shown  in  figure  1,  the  winds  result  from  mod¬ 
el  calculations  based  on  these  turbulence  variations. 


Kifi.  ?  I ppei  part;  Seasonal  variation  of  the  airglow  emission  rate.  Middle  part: 
Seasonal  variation  of  the  globally  averaged  turbopause  height  derived  from  helium 
and  ,irgon.  Lower  part:  Relative  oxygen  van.ition  at  100  km  deduced  from  turbopause 

height  and  airglow. 
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1'  KOulJ  ho  most  klosii.ihlo  now  to  oompai'o  1  tio  so.isoiial  witid  amplitudi's  ohf.iiiiod 
from  tlio  modol  oa  I  on  I ,)  t  i  on  with  ohsorvat  lona  I  wind  data.  I'nf  oit  una  t  o  I  y  .  no 
obsoi  vat  ions  ot  seasonal  winds  in  tlio  lowof  thotmosphoi'o  a  to  >ivailahlo,  so  that 
.It  t  ho  piosont  a  tost  ot  ovMiip.i  t  i  h  i  1 1  y  oi  oiif  model  losults  with  a  oornploto  st*t  of 
ohsoiva t i ons  is  not  possible. 


Atomio  Oxvcon 


So  l.if  wo  have  oonsidoiod  in  oni-  model  oa  1  on  1  at  i  ons  oompos  i  t  i  ona  I  ohaneos  of  Ho 
,ind  Ai'  only.  Rnt  .itoniio  oxycon  is  also  .i  sonsifioo  indioator  of  dynamio  prooossos 
in  the  .itmosphofo .  Indeed,  obsorva t i ons  lovoa 1  a  strong  seasonal  variation  ot  the 
.itomio  oxygon  oonoont rat i on  oven  at  very  low  thermospher i r  altitudes.  The  upper 
di.igram  of  Figure  T  shows  the  seasonal  variation  of  the  midlatitude  maximum  of 
the  oxygen  airglow  emission  rate  at  100  km  derived  by  Cogger  et  al.  IIO  from 
sa t e 1 1 i t e-borne  photometer  observat i ons .  The  data  are  combined  from  both  hemi¬ 
spheres,  ,ind  thus  they  can  be  interpreted  as  to  indicate  the  seasonal  variation 
of  the  glob.il  mean  v.iiue  of  the  atomic  oxygen  density  in  the  100  km  region  '10  . 
Moreover,  as  the  obsei  v.it ions  refer  to  the  homopause  region,  they  should  directly 
ref  lect  possible  vari.it  ions  of  turbulence. 

It  has  been  showti  in  the  foregoing  discussion  that  if  the  turbulence  variations 
derived  fiorn  the  incoherent  scatter  data  |  x'  are  used  in  our  model  the  resulting 
wind  field  w.is  of  minor  importance.  Thus,  in  this  case,  it  can  be  neglected  in  a 
first  approximation,  .ind  se.isonal  changes  of  composition  are  then  mainly  ascribed 
to  turbulence  variations.  Conse.^uent I y .  the  question  arises  whether  the  seasonal 
variation  of  the  turbopause  based  on  composit iona 1  changes  of  helium  and  argon  is 
compatible  with  the  observed  oxygen  variation.  The  second  diagram  in  Figure  o 
shows  the  glob.il  mean  of  the  seasonal  variation  of  the  turbopause  calculated  fron 
the  seasonal  variations  of  the  diurnally  and  lat  i  tud i na 1 ly  averaged  He  and  Ar 
densities.  The  relative  variation  of  0  resulting  from  these  turbulence  changes  is 
shown  in  the  lower  diagram  of  Figure  A  by  the  solid  curve.  If.  for  comparison, 
the  oxygen  variation  is  estimated  from  the  observed  emission  rate  [  lOl  ,  one 
obtains  the  dashed  curve.  Not  only  the  phase,  but  also  the  amplitudes  of  both  the 
observed  and  the  calculated  variations  are  in  good  agreement.  This  last  result 
provides  additional  evidence  of  the  important  role  of  turbulence  variations  for 
the  explan, ition  of  thermosphei'ic  behaviour,  although  no  doubt  many  additional 
observ.it ions  are  required  in  order  to  determine  finally  the  role  of  turbulence  in 
atmospheric  dynamics. 
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ABSTRACT 

N\imerical  models  of  the  thermal  budget  of  the  Earth's  upper  atmos¬ 
phere  in  the  height  range  of  90-5001an  are  developed.  The  main 
sources  and  sinks  of  energy  including  infra-red  radiative  cooling 
by  vibrational-rotational  bands  of  NO,  CO2,  OH  and  0,  as  well  as 
heating  and  cooling  arising  from  dissipation  of  turbulent  energy 
and  eddy  heat  transport  are  taken  into  account.  The  calculated  tem¬ 
perature  and  density  height  profiles  are  in  good  agreement  with  the 
respective  profiles  from  CIRA  72  and  Jacchia  1977  models.  It  is 
shown  for  the  models  considered  that  IR-radiative  cooling  by  COp 
and  NO  in  the  1 5  and  5  •  3  bands ,  not  eddy  turbulence  provides 

the  major  loss  of  heat  from  90  to  180lan. 

INTRODUCTION 

In  recent  years  considerable  progress  has  been  achieved  in  the 
development  of  theoretical  models  of  thermospheric  dynamics  and  the 
heat  budget.  Nevertheless,  serious  difficulties  concerning  the 
correct  treatment  of  cooling  mechanisms  are  not  yet  resolved. They 
are  primarily  connected  with  the  relative  importance  of  infra-red 
radiation  and  eddy  turbulence,  the  latter  being  responsible  for  not 
just  cooling  but,  also,  heating  of  the  gas  due  to  viscous  dissipa¬ 
tion  of  the  turbulent  kinetic  energy. 

The  difficulties  of  the  correct  description  of  turbulent  heating 
and  the  necessity  to  find  an  effective  heat  sink  in  the  lower 
thermosphere  have  apparently  led  to  the  fact  that  in  some  theore¬ 
tical  models  [1,8]  turbulent  heating  is  utterly  ignored.  However, 
temperature  height  distributions  calculated  with  these  models  are 
substantialy  different  from  the  empirical  ones  corresponding  to 
CIRA  72  [2]  or  Jacchia  [9]  thermospheric  models.  The  disagreement 
between  theory  and  experiment  (both  for  the  lower  and  upper  ther¬ 
mospheres)  is  caused  by  a  number  of  reasons.  A  considerable  under¬ 
estimation  of  IR-cooling  in  the  thermospheric  heat  budget  is  per¬ 
haps  one  of  them. 

The  theoretical  analysis  of  IR-radiation  at  heights  from  90  to  250 
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km  [6J  and  the  experimental  results  [i1,15l  indicate  that  for  de¬ 
velopment  of  an  adequate  thermospheric  model  a  correct  treatment  of 
IR-radiation  in  the  1.2-20  ju  wavelenijth  region,  primarily  in  the 
5.5/J  and  the  1^p  bands  of  NO  and  CO2 ,  is  of  critical  importance. 
The  aim  of  this  study  is  to  simulate  “^the  main  heating  and  cooling 
mechanisms  including  eddy  turbulence  and  TR-radiation  and  to  evalu¬ 
ate  their  relative  contribution  to  the  heat  budget  of  the  Earth's 
thermosphere . 

BASIC  Al'.SUI-lPTIONS  AND  lAETHOD  OF  CAI.CULATION 

For  the  analysis  the  number  concentrations  of  the  atmospheric  con¬ 
stituents  at  the  lower  boundary  (or  in  some  vicinity  of  it)  are 
assumed  to  be  known.  The  concentrations  of  N^  and  Op  are  taken  ac¬ 
cording  to  the  CIRA  72  model  atmosphere  [2].^The  atomic  oxygen  dis¬ 
tribution  from  90  to  120km  is  taken  according  to  measurements  ^4] 
and  above  120km  is  assumed  to  be  in  diffusive  equilibrium.  Apart 
from  the  major  constituents  Np,  Op  and  0,  some  minor  ones  such  as 
NO,  COp,  O7  and  OH  which  give the '^major  contributions  to  the  ther¬ 
mospheric  -^IR-radiation  in  the  2.8-17  P  wavelength  region  are  also 
considered.  The  NO  concentration  height  distribution  is  taken  in 
accordance  with  recent  measurements  and  calculations  carried  out  by 
various  authors.  The  distribution  of  COp  below  100km  is  determined 
from  the  approximate  solution  of  the  stationary  one-dimensional 
continuity  equation  with  allowance  for  eddy  mixing  and  photodisso¬ 
ciation  and  aoove  100km  from  the  condition  of  diffusive  equilibrium. 
The  ozone  concentration  at  all  heights  is  derived  from  the  assinnp- 
tion  of  photochemical  equilibrivun,  with  0,  production  by  the  reac¬ 
tion  0  +  Op  +  1:  and  loss  due  to  photodissociatio.^  aiid  reactions 
with  0  and 

To  determine  the  temperature  and  density  distributions  in  the  alti¬ 
tude  range  of  90-500km  the  one -dimensional  equations  of  continuity, 
hydrostatic  and  heet  balance  are  solved,  together  with  the  equa¬ 
tions  of  vibrational  kinetics  for  the  radiating  molecules.  In  the 
heat  balance  equation  the  following  heat  sources  and  sinks  are  ta¬ 
ken  into  account: 

a)  heating  arising  from  photodissociation  of  Op  and  0,; 

b)  heating  available  from  Np,  Op  and  0  photoionization  and  ioniza¬ 
tion  by  precipitating  electrons; 

c)  chemical  heating  in  the  reactions  with  atomic  oxygen  and  ozone: 

0  +  u  +  i:  ^  0^  +  M  ,  0  +  Op  +  M  —  0^  +  M  , 

0  +  Oj  —  Op(^Ag)  +  0|  ,  H  +  Oj  —  OH*  +  Op  ; 

d)  rR-cooling.,by.,  the  vibrational -rotational  bands  of  CO^ ,  NO,  0,, 

OH,  NO'*',  N  ^  ^  and  CO,  in  the  1.27  n  Op  band  and  in'^the  65 
atomic  oxygen  line; 

e )  heating  and  cooling  produced  by  diurnal  contraction  and  expan¬ 
sion  of  the  thermosphere; 

t  )  molecular  heat  conduction; 

.  turbulent  heating  and  conduction. 


vol'ame  heating  and  cooling  rates  for  the  processes  in  question 
liocussed  in  detail  in  [7] •  Here  we  only  point  out  that  the 


ilaction  heating  rate  is  calculated  from  the  equation 
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where  Kj^  -  eddy  thermal  conductivity  (assumed  to  be  equal  to  the 
eddy  dirfusion  coefficient);  C  -  the  specific  heat  at  constant 
pressiire;  p-  {^as  density  and  -  the  acceleration  due  to  gravity. 
The  rate  of  turbulent  heating  is  calculated  from  the  equation 


=  K.  i-S  (A2 

^  T  a  z 


-CL) 


where  Rf  is  the  dynamic  Richardson  number  for  quasi-stationary 
turbulent  motion.  Eq.(2)  implies  that  gas  heating  arises  from  both 
the  viscous  dissipation  of  turbulent  energy  and  the  work  of  turbu¬ 
lent  pulsations  against  buoyancy  forces.  The  height  distribution  of 
the  dynamic  Richardson  number  needed  for  the  computation  of  q  and 
q  ,  is  derived  from  the  measured  wind  shear  height  profiles  T^2] 
uiing  the  height  average  value  of  the  inverse  turbulent  Prandtl 
number  equal  to  0.3  which__has  been  deduced  from  experiments  [  10l  . 
The  square  of  the  Brunt-Vaisala  frequency  (  0T/9z  +  g/C  )  g/T  is 
derived  from  the  mean  temperature  height  distribution  of^the  Jac- 
chia  1977  model  [9]-  For  the  function  K,  (z)  the  analytic  approxima- 

j_* _ _ _ ^  ^  ^  mu  ^  _ ^  ^  rr 


sides,  trie  functional  relation  between  K,  and  Rf  derived  from  ana- 
lysis  of  experimental  data  and  physical  considerations  of  the  semi- 
empirical  theory  of  turbulence  is  also  used.  This  relation  has  the 

-I-  (5) 

To  calculate  the  IR-radiative  cooling  in  the  15]^  band  of  CO2  the 
escape-to-space  approximation  is  adopted  which  takes  into  account 
reabsorption  and  transfer  of  radiation.  The  equations  which  descri¬ 
be  the  state  of  the  thermosphere  are  solved  numerically  for  the 
time  of  equinox  at  the  equator.  The  flux  of  solar  radiation  is  as- 
s\imed  to  correspond  to  the  middle  level  of  solar  activity  for  which, 
at  zero  solar  zenich  angle,  the  flux  of  ionizing  UV-radiation  {  )\< 
■1027 A)  at  the  top  of  the  thermosphere  is  about  5.7  ergs/cm  /s  [3]  • 
The  brightness  temperatures  of  the  lower  atmospheric  radiation  are 
supposed  to  be  equal  to  their  typical  values,  namely  210K  for  the 
14  band  of  0,  and  240K  for  the  aiid  9*6  H  bands  of  NO  and  0,. 

The  collisionaf  deactivation  rate  constants  for  the  N0(v=1),  ^ 


00^(01  0),  0:i(0l  0)  and  07(00  1)  vibrational  levels  are  taken  to  be 
(in  units  of-^cm^/s) 

k(NO-O)  =  3.6  X  10"^'^ 

k(C02-02)  =  3xk(C02-N2)  =  4.4x10"'^^  T  exp(-41/T^''^)  (4) 

k(0^(01°0)-0)  =  k(0j(00°1)-0)  =  3.^1  X  10"^^ 

The  rate  constant  for  the  C0^(01°0)  relaxation  in  collisions  with 
atomic  oxygen  has  been  derived  from  a  numerical  experiment.  The 
rate  constants  for  the  other  processes  have  been  assumed  to  be  the 
same  as  in  [6,7] • 


RESULTS  AND  DISCUSSION 


First  let  us  consider  the  static  thermospheric  models  which  corres¬ 
pond  to  the  steady  state  solutions  of  the  hydrostatic  and  heat  ba- 
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laiice  ecjuations  with  the  rates  of  heatinf^;  by  UV-radiation  taken  to 
be  equal  to  their  daily-^averaf^e  values  and  the  coefficient 
such  that  =  10^  cin‘"/s  at  10‘^kni.  The  value  of  the  CO^COI^o) 

deactivation  rate  const.'Jj:it  in  collisions  with  atomic  oxygen  has 
been  deterr'.ined  by  means  of  adjusting  the  calculated  temperature 
distribution  to  the  experimental  one.  The  agreement  betv;een  the  two 
has  proved  to  be  fairly  satisfactory  for 

k(CO^-O)  =  5  X  10"^^  exp  (-800/T)  cm^/s  (5) 

The  respective  temperature  height  distributions  are  shovm  in  Fig.la. 
Throughout  the  whole  height  range  considered  there  is  a  good  agree¬ 
ment  between  the  calculated  (curve  1)  and  the  empirical  distribu¬ 
tions.  The  calculated  atmospher: ''  density  is  also  close  to  the 
experimental  values  at  all  heigh 

TABLE  1  Daily  average  Vertical  Enerf^y  Fluxes 
for  Radiative  and  Conductive  Cooliiv^ 
and  'Ifirbulent  Heating  at  and  120km 
(  Vf  =<5  =  0*.  =  150) 


Emission,  process 

Flux 

- 2 - 

(ergs/cm  /s) 

90  km 

120km 

1.  1.27(Li  0,  (chemical)* 

-0.08 

0 

2.  2.8  ju  011“^  (chemical) 

-0.06 

0 

5.  9.6  n  0-z  (chemical) 

-0.01 

0 

4.  14.4/4  0?  (chemical  and 

thermal) 

NO"^, 

-0.01 

0 

5.  4.5-5.5jk^  CO2,  CO,  NO, 
(chemical) 

-0.12 

-0.1 

6.  5.5 (W  NO  (thermal) 

-0.17 

-0.16 

7.  15  COp  (thermal) 

-1.81 

-0.15 

8.  65  ft  0  (thermal) 

-0.12 

-0.1 

9.  r.'olecular  conduction 

0 

-0.59 

16.  Eddy  conduction 

-0.95 

0 

11.  Turbulent  heating 

+1 .25 

0 

12.  Total  flux 

-2.08 

-0.9 

•excitation  mechanism 

In  order  to  compare  the  relative  contributions  of  various  cooling 
mechanisms  to  the  thermospheric  heat  budget  we  have  computed  the 
dadly  average  radiative  vertical  fluxes  for  the  bands  in  question, 
as  well  as  the  fluxes  due  to  the  molecular  end  eddy  heat  conduction 
at  90  and  120km.  The  results  are  presented  in  Table  1.  It  has  been 
found  that  at  the  height  of  i20km  the  thermospheric  radiation  in 
the  D.Jju  and  15|M  bands  of  NO  and  CO^  is  the  main  mechanism  of 
energy  loss,  with  the  iiuxes  being  greater  by  factors  of  1.6  and 
1.5»  respectively,  than  that  for  the  65  atomic  oxygen  line.  Radi¬ 
ative  cooling  in  these  bands  is  determined  by  the  thermal  excita¬ 
tion  of  'JO  and  CO^  vibrations  in  collisions  v^ith  oxygen  atoms.  In 
the  height  range  of  9O-120km  radiation  in  the  15  ju  band  of  CO^  ap¬ 
pears  to  be  the  dominant  mechanism  of  energy  loss.  The  temperature 
height  profiles  shovai  in  Fig.la  by  the  curves  2  and  5  are  obtained 
on  the  assumption  that  no  vibrational  excitation  takes  place  in 
collisions  between  NO  and  0  (curve  2)  and  between  CO^  and  0  (curve 
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:!)).  It  can  be  easily  seen  from  Fi;^.1a  that  collisions  betv/een  NO 
and  CO  j  and  atomic  oxyf;en  play  an  important  role  in  the  formation 
of  the^thermospheric  temperature  heicht  distribution. 


Fi3.1a(left)  The  altitude  temperature  distributions  for  the  theo¬ 
retical  and  empirical  models.  The  calculations  carried  out  for 
the  altitude  profile  of  K^(z)  characterized  by  Kr  =  10°  crn'^/s  and 
z  =  lOfim.  1  -  vibrational  excitation  of  N0(v=T)  and  CO^COI^O)  in 
collisions  NO-0  and  CO^-O  is  taken  into  account;  2  -  no  excitation 
in  collisions  MO-O;  5  -  no  excitation  in  collisions  CO^-O;  4  -  no 
excitation  in  collisions  of  0  with  both  NO  and  COp*  b  -  CIRA  72 
model;  6  -  Jacchia  1977  model.  Fic.lb(riobt)  The  altitude  tempe¬ 
rature  profiles  in  the  lower  thermosjhere  for  varying  values  of 
K?  at  z  =  lObtau.  Also  shown  are:  CIRA  72  model  (dashed  line), 
jScchia  1w7  model  (dot-dashed  line),  measurements  [lb]  (double¬ 
dot-dashed  line),  measurements  [5)  (open  and  solid  circles,  tri¬ 
angles  and  squares). 

In  order  to  study  the  relative  importance  of  turbulence  and  IR-radi- 
ation  in  the  thermospheric  heat  budget  we  have  carried  out  a  nximber 
of  computations  using  various  values  of  the  eddy  thermal  conductivi- 
vy.  i'he  calculated  temperature  height  distributions  shown  in  Fig. 1b 
are  in  satisfactory  agreement  with  the  corresponding  profiles  of  the 
CIRA  72  and  Jacchia  1977  models  and  the  experimental  data  [5,  15] 
if  exceed  the  value  of  about  dxlO'^  cm^/s.  For  larger 

values  of  K.  the  temperature  profiles  do  not  agree  with  the  expe¬ 
rimental  data.  Contra^  to  the  results  of  [1]  our  calculations  show 
that  the  value  of  K^^^does  not  have  much  effect  on  the  exospheric 
temperature  T*  and,  therefore,  there  is  no  need  to  assume  larger 
values  for  K?  in  order  to  get  closer  agreement  between  calculated 
and  experimental  values  of  T  ob  .  It  is  not  eddy  turbulence  but  radi¬ 
ative  cooling  in  the  b.5ju  and  Ibjb  bands  of  NO  and  CO^  that  affect 
the  value  of  Tod.  In  [1 ,  b]  this  radiative  heat  sink  was  either 
ignored  (for  NO)  or  essentially  underestimated  (for  CO^). 


In  order  to  get  additional  information  on  the  typical  average  value 
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of  K.  in  the  lower  themiocphere  we  have  compared  the  calculated 
rates  of  turbulent  ener':;y,  dis{^ipation  £  .  with  the  experimental 
data.  For  K/  =  (1-5)x10^  cin^/a  the  agreement  betv/een  calculated 
^uid  experimental  values  of  £ .  has  turned  out  to  be  rather  satis¬ 
factory.  It  should  be  noted  tnat^thepUdoption  of  the  fiinctional  re¬ 
lation  (5)  (for  which  K?  10°  cm'^/s)  also  results  in  T  and  £  . 

distributions  which  are^in  close  agreement  with  the  experimental  ° 
data. 


Thus  the  results  brine  us  to  the  conclusion  that  the  maximiom  value 
of  eddy  thermal  conductivity  Kj  in  the  lower  thermosphere  for  an^ 
average  quasi stationary  thermospheric  condition  cannot  exceed  2x10° 
cm2/E.  The  analysis  has  also  shown  that  for  altitudes  z  >  z  ,  where 
eddy  lieat  conductivity  is  decreasing  with  height,  the  net  effect  of 
eddy  turbulence  is  to  cool  the  theriaosphere .  It  results  from  the 
fact  that  at  these  altitudes  a  sharp  decrease  of  K,  (z)  v/ith  height 
causes  a  rapid  cessation  of  turbulent  heating  (Cf.“(2))  v;hile  eddy 
conduction  always  cools  the  thermosphere  at  the  heights  where  Ku(z) 
is  decreasing  with  z  (Cf.(1)).  In  the  region  z  4-  z  the  effect  %f 
turbulence  on  the  thermospheric  heat  budget  is  detWnained  largely 
by  the  shape  of  the  height  profile  of  K,  .  If  Kj^(z)  increases  from 
a  value  of  j^3-5)x1o5  cm‘^/s  at  the  mesopause  level  to  a  value  of 
(1-3)x10°  cm‘-/s  at  the  height  z  ,  turbulence  provides  not  gas  heat¬ 
ing  in  this  hei^t  region.  For  increasing  with  height  more  ra¬ 
pidly  than  1/  9T/az  +  g/C  7]  the  value  of  q  is  positive, 

that  is  eddy  conduction  provides^not  cooling  but  heating,  in  addi¬ 
tion  to  the  heating  arising  from  turbulent  energy  dissipation.  If 
the  value  of  K.  is  constant  from  the  mesopause  level  to  the  height 
z  or  increases  only  slightly,  eddy  conduction  always  cools  this 
region  of  the  thermosphere  and  the  net  result  of  eddy  turbulence 
can  be  either  heating  or  cooling.  However,  in  any  case  when 
{^max  ^  -^qo  cm^/s  it  is  IR-radiation  that  provides  the  major  loss 
ox  energy  from  the  thermosphere. 


In  order  to  estimate  the  effect  of  the  other  possible  energy  sour¬ 
ces  in  the  lower  thermosphere  (tides,  acoustic  and  internal  gravity 
waves,  etc.)  on  the  temperature  height  distribution  we  have  intro¬ 
duced  into  the  energy  equation  an  additional  heat  source  with  the 
volume  heating  rale  decreasing  exponentially  with  a  scale  height 
of  6km.  It  has  turned  out  that  this  energy  source  does  not  change 
tnermospheric  temperatures  significantly  if  the  additional  influx 
of  heat  at  the  mesopause  level  z  =  ^km  is  not  greater  than  about 
2  erg/cm2/s .  Almost  all  this  energy  is  radiated  away  in  the  15jM 
band  of  C0-, . 

Apart  from  the  static  thermospheric  models  the  alternative  dynamic 
models  describing  the  diurnal  variations  of  the  basic  thermospheric 
parameters  have  also  been  considered.  Some  results  of  the  calcula¬ 
tions  are  presented  in  Figs. 2a  and  2b.  It  can  be  seen  that  at  local 
noon  infra-red  radiation  is  the  major  mechanism  of  energy  loss  in 
the  height  range  of  y0-1801uii.  ti.olecular  conduction  prevails  as  a 
cooling  process  only  at  heights  above  180km.  Among  IR-radiation 
bands  the  15/<  band  of  CO^  dominates  in  cooling  over  the  others  in 
the  altitude  range  of  90-7201011.  The  9* 5/^  band  of  NO  prevails  from 
120  to  2901cn.  Radiative  cooling  in  the  63  line  of  atomic  oxygen 
becomes  dominant  only  above  290loa.  The  results  of  the  analysis  show, 
hov/evor,  that  the  diurnal  variations  of  gas  temperature  and  density 
at  exospheric  heights  derived  from  the  models  are  noticeably  great¬ 
er  than  those  obtained  from  experiments.  This  departure  may  be 
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attributed  to  the  fact  that  a  number  of  processes  are  not  properly 
taken  into  account  in  the  dynamic  models.  First  of  all,  perhaps, 
the  advective  energy  transport  due  to  thermospheric  winds.  In  the 
static  models,  however,  this  process  of  horizontal  heat  advection 
is  effectively  averaged  over  a  day.  That  is  why  the  calculated  ther¬ 
mospheric  parameters,  at  least  for  low  and  middle  latitudes,  have 
proved  to  be  in  good  accord  with  observational  data. 
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Fig.2a(left)  Thermospheric  cooling  (dashed  curves)  and  heating 
rates  (solid  curves)  vs  altitude  at  local  noon  (  y  =  ^  =  0\  F..^  „  ; 
150).  1  -  heating  arising  from  0^  photodissociation;  2  -  heatifig 

available  from  photoionization;  5'^-  cooling  due  to  thermospheric 
expansion;  4  -  cooling  and  heating  due  to  molecular  conduction; 

5  -  radiative  cooling  in  the  1.27-65  wavelength  region;  6  -  tur¬ 
bulent  heating  and  cooling;  7  -  chemical  heating.  Fig.2b(right) 
Radiative  cooling  rates  vs  altitude  at  local  noon. 


SUI.W1ARY 

The  main  results  of  this  study  can  be  summarized  as  follows. 

1.  The  static  and  dynamic  theoretical  models  of  the  Earth’s  thermo¬ 
sphere  which  take  into  account  eddy  conduction  and  heating  arising 
from  turbulent  energy  dissipation  and  also  IR-radiation  in  the  1,27- 
65 >•  wavelength  region,  including  vibrational -rotational  bands  of 
the  minor  atmospheric  constituents  (NO,  COp,  OH,  0,),  are  consider¬ 
ed.  Throughout  the  whole  altitude  range  (90-500 km )^ there  is  good 
agreement  between  the  empirical  and  theoretical  thermospheric  tem¬ 
perature  and  density  height  distributions  derived  from  the  static 
model  in  which  thermal  excitation  of  molecular  vibrations  in  colli¬ 
sions  of  CO2  and  NO  with  atomic  oxygen  is  taken  into  account. 

2.  A  parametric  study  of  the  role  of  eddy  turbulence  in  the  thermo¬ 

spheric  heat  budget  in  which  the  basic  parameters  are  the  eddy  tter- 
mal  conductivity  K,  and  the  dynamic  Richairdson  number  Rf  is  carried 
out.  An  estimate  of  the  maximum  time  overage  value  of  in  the 
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lower  thermosphere  based  on  energy  consideratioi^and  equal  to  (1- 
-2)x10°  cm‘“/s  is  obtained.  For  such  values  of  there  is  fairly 

good  agreement  between  the  calculated  and  experimental  height  dis¬ 
tributions  of  T  and  in  the  lower  thermosphere. 

5.  At  heights  above  the  height  z  of  the  maximum  eddy  heat  conduc¬ 
tivity,  the  presence  of  turbulence  results  in  gas  cooling.  Below 
this  altitude,  turbulence  can  either  cool  or  heat  the  thermosphere 
depending  on  the  shape  of  the  height  profile  of  K.  (z).  For  the  ap¬ 
proximation  usually  adopted  for  (an  ex^jonential  growth  of  K, 

with  height  for  z  <  z  )  eddy  turbulence  heats  the  thermosphere  in“ 
this  region. 

4.  The  major  loss  of  energy  in  the  altitude  range  of  90-i80km  is 
provided  by  IR-radiation,  primarily,  in  the  band  of  COp  (90- 

"IBOkm)  and  in  the  5*5/^  band  of  NO  (120-180km).  The  contribution  of 
IR-radiation  in  the  63/4  line  of  0  and  of  molecular  and  eddy  conduc¬ 
tion  to  the  thermospheric  heat  budget  at  these  heights  has  proved 
to  be  less  important  than  it  was  supposed  to  be  in  the  earlier 
theoretical  studies  of  thermospheric  energetics. 
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ABSTRACT 

The  comparison  of  the  self-consistent  theoretical  model  with  empi¬ 
rical  models  and  experimental  data  is  presented.  The  cause  of  the 
discrepancies  of  these  models  is  discussed. 

INTRODUCTION 

The  availability  of  large  data  bases  resulting  from  measurements  of 
various  thermospheric  parameters  has  led  to  the  development  of  em¬ 
pirical  models  of  the  upper  atmosphere.  At  present  the  best  models 
for  general  use  are  JacclJia-TI  (1),  MSIG  (2)  and  DTM  (3).  Jacchia's 
1971  model  is  based  on  satellite  drag  data  and  results  of  rocket 
measurements  of  the  upper  atmospheric  composition  below  200  km  (4). 
In  order  to  account  for  the  variations  of  the  individual  constitu¬ 
ents  a  number  of  additional  corrections  to  a  diffusive  equilibrium 
model  have  been  made  in  Jacchia's  77  model  (5),  in  which  a  separate 
"pseudotemperature"  profile  has  been  introduced  for  each  constitu¬ 
ent.  However,  the  great  complexity  of  this  model  makes  its  use 
awkward.  The  main  feature  of  the  MSIS  model  is  that  it  is  based  on 
measurements  of  atmospheric  composition  from  mass  spectrometers  on 
five  satellites  (AE-B,  OGO-6,  San  Marco  3,  Aeros  A  and  AE-C)  and 
neutral  temperature  inferred  from  incoherent  scatter  measurements 
at  four  ground  stations.  The  DTM  model  is  based  on  a  combination  of 
satellite  drag  data  and  optical  measurements  of  the  width  of  the 
630  nm  line  of  atomic  oxygen  providing  a  global  temperature  model 
independent  of  any  assumption  related  to  the  distribution  of  atmo¬ 
spheric  constituents.  Prom  comparisons  of  these  models  it  would  be 
unfair  to  conclude  (6,7)  that  any  of  the  models  is  completely  in¬ 
adequate  to  represent  the  structure  of  the  terrestrial  thermosphere 
although  there  are  marked  discrepancies  between  these  models. 

On  the  other  hand,  the  development  of  the  ionospheric  plasma  theory 
makes  it  possible  to  solve  the  task  of  the  self-consistent  descrip¬ 
tion  of  the  charged  and  neutral  constituent  behaviour.  The  basis  of 
this  description  is  a  system  of  hydrodynamic  equations.  The  self- 
consistent  theoretical  model  has  been  described  in  (8),  The  space¬ 
time  variations  of  the  neutral,  charged  and  excited  species  may  be 
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obtained  from  this  model.  The  main  purpose  of  this  paper  is  the 
comparison  of  the  temporal  and  spatial  variations  of  the  ionosphe¬ 
ric  plasma  parameters  calculated  from  the  self-consistent  model 
with  the  same  parameters  according  to  the  empirical  models  J  71, 
MGIu,  DTM  and  the  determination  of  the  reasons  of  the  discrepanciea 
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Fig. 1  shows  the  variations  of  the  daily  averaged  neutral  gas  tempe¬ 
rature,  the  atomic  oxygen  and  molecular  nitrogen  concentrations 
with  solar  activity  at  400  km.  The  comparison  between  J  71,  MSIS, 
DTM  and  self-consistent  model  (oCM)  is  presented  for  equinox  condi¬ 
tions  and  Kp  =  2.  The  comparison  indicates  that  the  neutral  tempe¬ 
rature  is  a  linear  function  of  the  solar  deciraetric  flux  P^q  j. 

However,  the  rate  of  increase  of  the  neutral  temperature  according 
to  oCM  is  higher  than  these  values  a-cording  to  J  71,  MSIS  and  DTL;. 
The  best  agreement  between  the  models  is  obtained  for  mean  solar 

—22 

decimetric  fluxes  ranging  from  approximately  100  to  130  x  10 
■.Vm~  Hz“  .  The  largest  discrepancies  occur  for  high  fluxes. 

The  molecular  nitrogen  and  atomic  oxygen  concentrations  deduced 
from  the  theoretical  model  are  smaller  than  the  concentrations  de¬ 
termined  from  the  empirical  models.  First  of  all,  these  differences 
are  connected  with  the  lower  boundary  conditions.  The  results  of 
the  0,  Og  and  1^2  rocket  measurements  (9)  were  used  for  the  determi¬ 
nation  of  the  lower  boundary  conditions  in  the  self-consistent 
model.  The  0,  ©2  and  N2  concentrations  at  the  lower  boundary  in  the 
DTM  and  Molo  models  significantly  differ  from  the  concentrations 
measured  by  rockets  (9).  For  example,  the  0  concentration  at  120  km 
in  M3IG  is  higher  by  a  factor  of  2  than  the  results  of  the  rocket 
measurements  (9,  10)  and  the  112  concentration  at  120  km  is  higher 
by  a  factor  of  1.3  than  this  value  according  to  (9,  10). 

Fig.  2  compares  the  annual  variation  of  the  diumally  averaged 
neutral  temperature,  atomic  oxygen  and  molegular  nitrogen  concen¬ 
trations  and  total  density  at  4OO  km  for  45  latitude,  geomagnetic 
index  =  2  and  solar  decimetric  flux  P^q  ^  =  ’'50.  A  good  agree¬ 
ment  of  the  neutral  temperature  calculated  from  SCM  with  the  MSIS, 
DTM  and  J  71  neutral  temperature  is  evident  from  Pig, 2.  However, 
the  SCM  model  neutral  temperature  is  about  10‘o  above  that  of  the 
J  71,  MSIS  and  DTM  models. 

The  theoretical  total  density  is  smaller  than  the  empirical  model 
total  densities.  The  seasonal  variation  of  the  theoretical  N2  con¬ 
centration  agrees  with  this  variation  from  the  MSIS  and  DTM  empiri¬ 
cal  models. 

The  theoretical  neutral  temperature  diurnal  variation  is  presented 
in  Pig. 3.  This  variation  is  compared  with  the  MSIS  model,  the  OGO-6 
measurements  (11)  and  incoherent  scatter  data  (12,  13).  The  best 
agreement  occurs  for  the  comparison  with  the  incoherent  scatter 
measurements  at  St.  Santin  in  (13).  The  theoretical  neutral  tempe¬ 
rature  in  summer  is  higher  than  the  empirical  temperatures  at  I6  - 
24  hr  due  to  a  shift  in  the  time  of  the  temperature  maximum.  This 
shift  may  be  caused  by  the  one-dimensional  description  of  the  iono¬ 
spheric  plasma  in  the  SCM  model. 

The  theoretical  T^  in  November  is  smaller  than  the  empirical  T^. 

n  n 

In  winter  the  shift  of  the  diurnal  variation  maximum  is  smaller  in 
comparison  with  this  shift  in  smnmer.  In  total,  the  comparison 
between  the  models  indicates  that  the  theoretical  self-consistent 
model  describes  the  main  features  of  the  upper  atmosphere  as  well 
as  the  empirical  models. 
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Pip;.  2  Annual  variation  of  the  neutral  temperature 
total  density,  0  and  N2  concentrations. 
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The  main  feature  of  the  self-consistent  model  is  the  description  of 
the  charge  constituents  behaviour  simultaneously  with  the  behaviour 
of  the  neutral  constituents.  This  makes  it  possible  to  estimate  the 
reliability  of  this  model  by  comparison  of  the  theoretical  iono¬ 
spheric  parameters  with  the  experimental  data. 

Pig. 4  shows  height  profiles  of  the  ion  and  electron  temperatures 
for  low  solar  activity  (F^q  y  =  70)  according  to  (8)  and  values  of 
these  parameters  measured  by  the  incoherent  scatter  method  (13). 

It  is  evident  that  good  agreement  occurs  for  summer  and  winter. 

Thus  the  electron  and  ion  temperatures  calculated  from  the  SCM 
model  are  reliable  for  different  but  not  all  ionospheric  conditions. 

Comparisons  between  the  plasma  frequency  variation  deduced  from  the 
SCM  model  (0)  and  vertical  incidence  sounder  data  of  ionospheric 
stations  are  presented  in  Pig. 5.  The  comparison  of  the  theoretical 
model  with  experimental  data  indicates  that  the  self-consistent 
model  reflects  the  main  features  of  the  ionospheric  behaviour. 

A  system  of  hydrodynamic  equations  makes  it  possible  to  construct 
a  theoretical  model  of  the  ionospheric  plasma  without  including 
empirical  parameters.  In  this  model  the  simultaneous  behaviour  of 
the  neutral  and  charged  constituents  is  described.  The  comparison 
of  the  theoretical  model  with  empirical  models  and  experimental 
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data  showG  good  agreement.  However,  there  are  differences  between 
the  theoretical  and  empirical  models  and  it  is  necessary  to  develop 
a  three-dimensional  theoretical  model.  This  is  very  important  from 
the  point  of  view  of  the  reliable  description  of  the  neutral 
temperature  distribution. 
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ABSTRACT 

Since  the  publication  of  the  last  COSPAR  International  Reference  Atmosphere 
(CIRA  1972)  valuable  progress  has  been  achieved  in  improving  our  understanding  of 
the  terrestrial  thermosphere.  As  a  result,  several  empirical  models  are  now 
available  for  numerous  applications.  The  reliability  of  these  models  is 
discussed  within  the  framework  of  known  physical  phenomena.  The  most  recent 
published  advances  deal  with  longitudinal  and  universal  time  effects.  Some 
general  shortcomings  are  pointed  oat  in  order  to  stimulate  farther  progress. 

INTRODUCTION 

Over  a  period  of  three  years  (1977-1979)  five  semi-empirical  models  of  the 
terrestrial  upper  atmosphere  were  published  in  such  a  way  that  any  potential 
user  could  easily  compute  total  densities  and  temperatures  without  making  use  of 
the  COSPAR  International  Reference  Atmosphere  I  1).  Such  a  quantitative  progress, 
which  also  involves  a  better  representation  of  physical  phenomena,  implies  the 
necessity  for  a  revision  of  CIRA  1972.  These  new  semi-empirical  models,  however, 
do  not  necessarily  agree  with  each  other  for  all  existing  geophysical  conditions. 
This  fact  will  not  facilitate  the  construction  and  the  adoption  of  a  new  CIRA, 
since  all  available  models  claim  to  reproduce  observed  quantities.  The  five 
recent  semi-empirical  models  are  designated  by  the  following  acronyms  :  MSIS 
[  2,3)  ,  ESR04  I  4]  ,  J77  (  5]  ,  DTM  1  6|  and  AEROS  I  7]  .  Except  for  J77,  all  models 
are  based  on  spherical  harmonic  expansions  introduced  by  Hedin  et  al.  |  8)  in 
thermospheric  modelling. 

A  systematic  comparison  between  the  most  recent  semi-empirical  models  will  not  be 
undertaken,  since  such  an  analysis  has  been  presented  by  Barlier  et  al.  |  9]  for 
MSIS,  ESR04,  J77  and  DTM  and  by  Jacchia  |  101  •  The  thermospheric  part  of  CIRA  1972, 
which  was  developed  by  Jacchia  [  11]  has  been  compared  to  DTM  and  MSIS  by  Barlier 
et  al.  (6).  Nevertheless,  some  specific  discrepancies  between  the  recent  models, 
not  shown  previously,  are  pointed  out  here  and  a  comparison  is  made  for  a  per¬ 
manently  minor  constituent,  i.e.  atomic  nitrogen  which  is  given  by  Engebretson 
et  al.  I  12)  and  by  Kohnlein  et  al.  [  7J  .  Finally,  the  most  recent  developments 
dealing  with  longitudinal  effects  introduced  in  MSIS  by  Hedin  et  al.  (13]  and  in 
ESR04  by  Laux  and  von  Zahn  (  14)  are  briefly  compared. 
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COMPARISONS  BETWEEN  MODELS 

A  perfect  model  should  be  able  to  represent  all  physical  conditions  in  the  past, 
in  the  present  and  in  the  future.  All  semi-empirical  models  are,  however,  based 
on  a  limited  set  of  data.  Fig.  1  shows  the  monthly  mean  of  the  10.7  cm  solar 
flux  used  as  an  index  under  different  forms  in  the  models.  The  period  shown  covers 
two  solar  cycles  and  its  appears  immediately  that  the  solar  maximum  in  1958  was 
much  more  intense  than  the  last  maximum  in  1969.  Horizontal  lines  in  Fig.  1 
indicate  the  periods  during  which  different  satellites  gathered  data  used  in 
various  models.  Only  drag  data  leading  to  total  densities  are  available  since  the 

YEAR 


Fig.  1  Monthly  mean  of  the  solar  decimetric  flux  as  a  function  of  time  between 
1957  and  1978.  Horizontal  lines  indicate  the  periods  covered  by  in  situ  satellite 
measurements  (lower  scale)  as  well  as  the  period  during  which  drag  data  and  in¬ 
coherent  scatter  data  (upper  and  lower  scale)  were  used  for  modeling  purposes. 
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beginning  of  space  age.  This  type  of  data  is  essentially  used  in  two  models,  i.e. 
J77  and  DTM.  All  other  models  are  based  on  much  more  limited  observational  periods. 
This  implies  that  when  a  spherical  harmonic  analysis  is  made,  such  models  lead 
to  extrapolated  results  when  they  are  applied  for  geophysical  conditions  never 
encountered  during  the  observational  periods.  It  is, therefore, not  surprising 
that  a  comparison  between  various  models  may  lead  to  extreme  differences  of  a 
factor  of  two,  even  in  the  total  densities  |9J.  Furthermore,  even  the  models  J77 
and  DTM,  with  the  largest  data  base,  covering  almost  two  solar  cycles,  have 
difficulties  in  representing  appropriately  short  term  phenomena.  All  models  show 
different  amplitudes  in  the  diurnal  variations  of  the  individual  components  and 
the  phases  agree  only  above  200  km  altitude.  Incoherent  scatter  data  provided 
considerable  help  in  improving  this  situation  (15)  ,  particularly  with  respect 
to  the  diurnal  temperature  maximum. 

Since  the  AEROS  model  (7]  was  not  available  at  the  time  when  a  systematic  com¬ 
parison  between  various  models  was  made  by  Earlier  et  al.  |9]  ,  Fig.  2  shows 
the  annual  variation  of  atomic  oxygen  concentrations  at  the  geographic  poles 
and  at  the  equator  obtained  for  AEROS,  J77  and  DTM.  Results  are  given  at  300  km 


Fig.  2  Annual  variation  of  atomic  oxygen  at  300  km  computed  at  k  hours  LT 
with  DTM,  J77  and  AEROS.  Three  latitudes  are  represented,  i.e.  north  and  south 
poles  and  equator.  The  daily  solar  decimetric  flux  F  and  the  mean  flux  F" 
correspond  to  the  average  conditions  covered  by  AEROS.  Geomagnetic  indices  are 
A  -  4  or  K  -  1 . 
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altitude  for  a  daily  and  mean  solar  decimetric  flux  F  =  F  =  80  x  10  Wm  Hz 
which  corresponds  to  average  solar  flux  conditions  during  the  mass  spectrometric 
measurements  used  in  the  construction  of  AEROS.  Quiet  geomagnetic  conditions 
(K  =  I  or  A  =4)  are  adopted  and  the  computations  are  made  for  4  hours  local 
so?ar  time  sfnce  AEROS  data  were  essentially  obtained  at  4  hours  and  16  hours  LT. 
For  this  reason,  only  a  cosine  term  is  used  in  the  AEROS  model  [7]  to  repre¬ 
sent  the  diurnal  variation  and  this  model  is  probably  not  appropriate  to  correctly 
model  the  diurnal  variation.  Kohnlein  et  al.  (7]  conclude  that  the  AEROS  model 
is  in  satisfactory  agreement  with  MSIS  and  ESR04.  Although  such  a  conclusion  is 
also  valid  for  J77  and  DTM,  it  appears,  however,  in  Fig.  2  that  significant 
differences  are  present  in  the  annual  variation  of  atomic  oxygen  at  the  equator. 
Since  atomic  oxygen  is  a  major  constituent  at  300  km  altitude.  Fig.  2  indicates 
that  for  equinox  conditions  AEROS  leads  to  an  equatorial  total  density  which  is 
almost  a  factor  of  two  higher  than  in  J77  or  in  DTM.  Such  a  discrepancy  cannot 
be  attributed  to  a  systematic  difference  between  drag  data  and  mass  spectrometric 
measurements . 

Since  the  amplitude  of  the  winter  helium  bulge  is  not  yet  well  known  [9,  16]  , 

Fig.  3  shows  the  annual  variation  of  helium  concentrations  at  300  km  altitude  for 
the  same  geophysical  conditions  as  in  Fig.  2.  The  amplitude  of  the  bulge  is  si¬ 
milar  in  AEROS  and  in  J77,  but  it  is  smaller  in  DTM  where  only  drag  data  were  used. 


Fig.  3  Annual  variation  of  helium  at  300  km  for  the  same  geophysical  conditions 
as  in  Fig.  2. 


Sdmo  Roi'c’iU  AJvani'fS  in  Tlicrnuisphi-r  i  c  Models 


201 


This  remains  an  open  question,  although  Anderson  et  al.  [  17]  have  shown  in  an 
analysis  of  He  58. A  nm  dayglow  emissions  that  both  DTM  and  MSIS  in  general  predict 
higher  helium  concentrations  than  the  airglow-deterrained  values.  At  the  equator, 
the  equinoctial  maxima  for  helium  are  again  larger  in  AEROS  than  in  DTM  or  in  J77, 
i.e.  a  situation  similar  to  the  atomic  oxygen  variation  shown  in  Fig.  2.  Examples 
shown  in  Figs.  2  and  3  indicate  that  significant  differences  still  exist  between 
the  most  recent  semi -empi rica 1  models.  When  loose  expressions  like  "satisfactory, 
reasonable  or  global  agreement"  are  used  in  model  comparisons,  great  care  must  be 
taken  in  specific  applications  of  semi-empirical  models.  Even  when  a  model  agrees 
perfectly  with  a  particular  observation,  it  does  not  imply  that  the  whole  model 
is  perfect  for  other  conditions.  This  is  a  consequence  of  the  fact  that  the 
mathematical  formalisms  presently  used  are  not  necessarily  appropriate  to  repre¬ 
sent  all  physical  phenomena  in  the  terrestrial  thermosphere.  It  is  even  surprising 
that  the  use  of  two  indices  (solar  decimentric  flux  and  geomagnetic  index)  is 
sufficient  to  represent  the  atmospheric  structure  with  a  "reasonable"  accuracy. 
Standard  deviations  given  for  a  specific  model  usually  represent  an  internal 
test  for  the  consistency  between  the  mathematical  representation  and  the  limited 
set  of  data  used  for  the  construction  of  the  model.  However,  such  deviations  give 
no  indication  of  the  ability  to  represent  external  data  not  involved  in  the 
construction  of  the  model. 

EXTERNAL  TESTS 

Any  comparisons  between  model  results  and  observations  not  involved  in  the  con¬ 
struction  of  the  model  is  always  a  valuable  test  for  the  reliability  of  the  model. 
When  such  an  exercise  is  made  for  the  diurnal  variation  of  atomic  oxygen  as 
deduced  by  Alcayde  and  Bauer  [  18]  from  incoherent  scatter  data,  it  appears  [  9] 
that  the  amplitude  of  the  diurnal  variation  is  often  larger  in  incoherent 
scatter  data  than  in  any  model.  This  is  particularly  true  for  spring  conditions 
at  A5°N  when  the  diurnal  amplitude  in  the  incoherent  scatter  data  is  of  the 
order  of  a  factor  of  three  at  400  km  altitude,  whereas  the  largest  amplitude  in 
three  dimensional  empirical  models  is  given  by  DTM  and  reaches  only  a  factor  of 
two.  Nevertheless,  all  semi-empirical  models  are  able  to  reproduce  diurnal 
maxima  occuring  at  different  local  times  for  different  species.  Amplitudes  and 
phases  of  these  maxima  should  probably  be  modified  if  new  observational  data 
become  available,  particularly  below  200  km  altitude. 

Except  for  J77,  all  serai-empirical  models  are  characterized  by  variable  lower 
boundary  conditions  at  120  km  altitude.  The  J77  model  (5]  starts  at  90  km  with 
constant  boundary  conditions,  but  empirical  corrections  are  introduced  between  9Dkm 
and  120  km  to  simulate  departures  from  diffusive  equilibrium.  As  a  conse¬ 
quence,  the  concentrations  in  J77  are  also  variable  at  120  km  altitude.  Spherical 
harmonics  given  at  this  height  in  the  other  semi-empirical  models  are,  however, 
obtained  from  data  gathered  at  greater  altitudes  and  model  values  at  120  km  may 
not  necessarily  represent  real  physical  conditions,  particularly  for  atomic  oxygen 
which  is  influenced  by  photochemical  reactions  and  by  transport  processes.  Re¬ 
cently,  Dickinson  et  al.  |  1 9]  made  a  detailed  analysis  of  several  rocket  flights 
during  which  atomic  oxygen  was  measured  between  60  km  and  140  km  using  an  optical 
resonance  technique  at  130  nm.  Table  I  gives  the  measured  atomic  oxygen  concen¬ 
trations  at  120  km  for  six  rocket  flights  at  South  Uist  (57.4'’N,  7.4°W).  Data 
are  arranged  in  seasonal  sequence. 
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TABLK  I  :  Atomic  Oxygen  in  (10  cm  )  at  120  km  Altitude. 


Date 

7  Feb 

1  1  Feb 

1  Apr 

8  Sep 

29  Nov 

28  Nov 

77 

77 

74 

75 

74 

75 

Time  (UT) 

2309 

1359 

2237 

2355 

1153 

1256 

Dickinson  et  al.  n9^ 

2.0 

2.12 

1  .67 

1  .04 

0.88 

1.26 

DIM 

0.52 

0.66 

0.45 

0.58 

0.81 

0.83 

J77 

0.64 

0.72 

0.53 

0.78 

0.84 

1  .06 

MSIS 

0.83 

0.77 

0.73 

0.77 

0.92 

0.87 

i;SR04 

0.58 

0.77 

0.41 

0.59 

0.90 

0.93 

AEROS 

0.68 

0.79 

0.53 

0.72 

1.12 

1.15 

Values  obtained  from  the 

five  semi- 

-empirical 

models  are 

also 

indicated  and 

large 

discrepancies  appear  between  all  model  values  and  the  measurements.  If  such  a 
comparison  had  been  made  only  for  the  daytime  flight  on  29  November  1974,  we  could 
have  statetl  that  a  "satisfactory  agreement"  exists  between  all  models  and  the 
measurements.  This  is  actually  not  the  case  and  our  semi-empirical  representation 
of  the  lower  thermosphere  is  far  from  being  complete. 

Since  the  measurements  of  Dickinson  et  al.  |  19  ]  extend  up  to  140  km  in  some  cases. 
Fig.  4  shows  relative  atomic  oxygen  concentrations  obtained  from  measurements  and 
from  models.  For  the  daytime  flight  on  II  Feb  1977  all  models  decrease  faster  than 
the  observed  values,  whereas  for  the  nighttime  flight  on  7  Feb  1977,  only  J77  is 
a  little  outside  of  the  error  bar.  Dickinson  et  al.  [  19  ]  made  a  similar  analysis 
using  CIRA  1972  |  1  |  and  concluded  that  in  all  cases  the  discrepancy  between  model 
values  and  the  measurements  is  a  consequence  of  transport  phenomena.  Above  120  km 
altitude  MSIS  is  the  only  model  which  involves  a  correction  to  the  usual 
assumption  of  diffusive  equilibrium.  Such  a  correction  never  exceeds  13%  in  Fig. 

4  and  it  is  insufficient  to  bring  the  daytime  MSIS  values  (almost  identical  to 
U'rM  values)  in  agreement  with  the  measurements.  Model  temperatures  at  120  km  and 
150  km  are  also  given  in  Fig.  4.  At  150  km  altitudes  all  models  give  almost 
identical  temperatures  but  at  120  km  altitude  the  J77  temperature  is  always  40  K 
to  50  K  lower  than  in  DTM  or  MSIS.  Furthermore,  the  discrepancy  between 
measurements  and  models  is  always  larger  for  J77.  It  is  therefore  possible  that 
the  discrepancies  shown  in  Fig.  4  are  not  due  to  transport  but  are  an  indication 
that  the  model  temperatures  are  too  low  at  120  km  altitude.  Incoherent  scatter 
temperatures  at  120  km  above  Saint-Santin  are  actually  of  the  order  of  408  K  [  20  ] 
with  an  amplitude  of  1 5  K  for  the  annual  variation  and  a  small  negative 
dependence  on  solar  decimetric  flux. 

MINOR  CONSTITUENTS 

Thermospheric  minor  constituents  can  be  divided  in  two  categories  :  those  which 
are  permanently  minor  at  all  heights  and  those  which  can  become  major  consti¬ 
tuents  over  certain  height  ranges  as  a  consequence  of  diffusive  separation  in  the 
gravitational  field.  The  first  category  including  argon,  carbon  dioxide,  atomic 
nitrogen,  nitric  oxide  never  influence  satellite  drag  data  and  they  cannot  be 
deduced  from  such  data.  The  second  category  deals  mainly  with  atomic  oxygen, 
helium  and  atomic  hydrogen  which  become  successively  the  major  thermospheric  com¬ 
ponent  as  height  increases.  Permanently  minor  constituents  are  only  accessible 
through  selective  measuring  techniques,  such  as  optical  detection  or  mass  spectro- 
metric  sampling.  A  good  knowledge  of  any  minor  constituent  is,  however,  of  para¬ 
mount  importance  since  fundamental  information  can  be  gathered  from  trace  con¬ 
stituents.  As  an  example,  mass  spectrometric  measurements  of  argon  and/or  helium 
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RELATIVE  ATOMIC  OXYGEN  CONCENTRATION  n(O)/n(O)^20 

Fig.  4  Vertical  distribution  of  relative  atomic  oxygen  concentrations.  Com¬ 
parison  between  measured  values  by  Dickinson  et  al .  |  19  ) and  model  values  from 
DTM  '6],  MSIS  (2,3  (and  J77  (51  . 


provide  an  excellent  tool  to  investigate  the  transition  from  turbulent  mixing 
to  diffusive  separation  in  the  100  km  altitude  region  [  21]  ,  although  other  techni¬ 
ques  such  as  sodium  clouds  ejections  (  22  |  and  rocket  grenade  data  (  23]  also  contri¬ 
bute  significantly  to  the  knowledge  of  this  transition  region.  Unfortunately,  no 
global  coverage  is  yet  available  since  direct  in  situ  measurements  can  only  be 
performed  by  rockets  in  this  height  range.  Remote  sensing  from  a  satellite  is  pro¬ 
bably  the  only  way  to  solve  this  question  if  an  appropriate  optical  technique  is 
developed. 

Among  the  permanently  minor  constituents,  atonic  nitrogen  is  the  sole  component 
given  by  two  global  models  (7,  12  ]  .  The  first  model  by  Engebretson  et  al.  (  12  ] 
is  based  on  a  spherical  harmonic  expansion  at  375  km  altitude  using  mass  spectro¬ 
meter  data  from  Atmosphere  Explorer  C  during  1974  and  part  of  1975.  Since  atomic 
nitrogen  is  involved  in  numerous  chemical  reactions  (  24  J  ,  its  vertical  distri¬ 
butions  is  not  necessarily  in  diffusive  equilibrium.  It  has  been  shown  experimen- 
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tally  |25  )  ,  however,  that  atomic  nitrogen  is  in  diffusive  equilibrium  at  least 
above  200  km  altitude.  Using  the  Atmosphere  Explorer  C  model  at  375  km,  it  is, 
therefore,  possible  to  compute  atomic  nitrogen  concentrations  at  any  height  above 
200  km  altitude  by  adopting  a  vertical  temperature  profile.  The  second  atomic 
nitrogen  model  is  included  in  AEROS,  where  the  sphe''ical  harmonic  expansion  refers 
to  120  km  altitude  for  reasons  of  uniformity  with  the  other  constituents.  This 
does  not  mean  that  the  model  can  be  used  at  altitudes  below  1 20  km  |  7  )  .  Figs.  5 
and  b  show  the  annual  latitudinal  variations  of  atomic  nitrogen  at  375  km  as 
given  by  AEROS  |  7  J  and  Atmosphere  Explorer  C  1  12  )  for  4  hours  and  16  hours  local 
solar  times,  respectively.  These  local  times  have  been  chosen  since  they  corres¬ 
pond  to  the  local  times  for  which  AEROS  is  the  most  reliable.  Figs.  5  and  6  in¬ 
dicate  that  the  general  pattern  of  the  annual  variation  is  similar  in  both  models. 
However,  at  16  hours  LT  (Fig.  6)  the  concentrations  given  by  the  Atmosphere 
Explorer  C  model  are  approximately  a  factor  of  two  higher  than  the  values  given 
by  AEROS.  Even  with  such  differences  atomic  nitrogen  models  should  be  used  as 
upper  boundary  conditions  in  a  three-dimensional  computation  of  odd  nitrogen  dis¬ 
tributions  below  200  km  altitude.  This  could  be  of  some  importance  for  the  energy 
budget  of  the  thermosphere,  since  it  has  been  shown  |  26  ]  that  nitric  oxide  is  a 
major  cooling  agent  below  200  km.  There  is  actually  a  need  for  the  introduction  of 
permanently  minor  constituents  in  semi-empirical  models  in  order  to  improve  our 
knowledge  all  the  physical  mechanisms  which  influence  the  thermospheric 
structure . 


LONGITUDINAL  EFFECTS 

The  spherical  harmonic  expansion  used  in  semi-empirical  models  depends  on  two 
angular  variables,  i.e.  geographic  latitude  and  local  solar  time.  The  last 
variable  is  a  consequence  of  the  assumed  equivalence  between  longitude  and  local 
time.  This  implies  that  the  diurnal  variation  should  be  exactly  identical  at  any 
point  of  a  latitudinal  circle.  However,  the  geomagnetic  effect  in  J77  is  expressed 
in  terms  of  magnetic  latitude  and,  as  a  consequence,  a  longitudinal  effect  is 
introduced,  since  the  temperature  increase  associated  with  the  K  index  is  not 
symetric  with  respect  to  the  geographic  north-south  axis.  It  is, '^therefore, 
necessary  to  specify,  in  J77,  the  geographic  longitude  when  comparisons  are  made 
with  other  models.  In  Figs.  2  and  3  the  longitude  is  0°  for  J77,  whereas  Fig.  4 
is  constructed  for  the  longitude  of  South  Uist  (7.4”  W) .  Thuillier  et  al.  I  27  1 
have  also  introduced  the  geomagnetic  latitude  in  their  temperature  model  in 
order  to  obtain  a  better  representation  of  the  geomagnetic  effect  at  high 
latitudes . 

Hedin  et  al.  [13  [have  reanalyzed  the  data  used  in  the  construction  of  MSIS. 
Spherical  harmonic  terms  dependent  on  geographic  latitude,  longitude  and  univer¬ 
sal  time  (UT)  have  been  added  to  the  previous  expansion  [2,3]  which  has  not  been 
modified.  In  such  a  way,  a  combined  longitudinal/UT  effect  is  introduced  for  the 
neutral  temperature  and  composition.  Longitudinal  terms  indicate  a  temperature 
enhancement  of  the  order  of  30  K  near  the  magnetic  poles.  The  universal  time 
variation  leads  to  an  enhancement  of  the  order  of  30  K  near  2130  UT  in  the 
northern  hemisphere  and  nearly  70K  around  0930  UT  in  the  southern  hemisphere. 

The  combined  longitude/UT  effects  lead  to  a  rather  complex  pattern.  As  an  example. 
Figs.  7  and  8  show  the  geographic  distribution  of  ratios  of  the  total  density  at 
500  km  between  the  modified  model  [  13  land  the  initial  model  2,3  fg^  3,  15^ 

and  2lh  UT  respectively.  Computations  are  made  for  F  =  F  =  150  x  10  Wm  Hz 
and  A  =4  under  equinox  conditions.  The  position  of  the  sun  is  indicated  on  the 
equatBr  by  a  small  circle.  It  is  clear  that  the  universal  time  evolution  of  the 
longitudinal  effect  is  a  complex  phenomenon  which  certainly  needs  further 
studies . 
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Some  RfitMit  Advances  in  Thermospheric  Models 

ATOMIC  NITROGEN  (lO^cm-^)  at  375  km 

AEROS  (F  =  F  =  80,  Ap  =  4.  LT  =  4h) 


O 


ATMOSPHERE  EXPLORER  C 


DAY  COUNT 

Fie  5  Annual  variation  of  atomic  nitrogen  at  375  km  obtained  at  4  hours  LT 
for  F  »  F  -  80  X  10-22  wm-2  Hz-1  and  A„  -  4.  Isopleths  are  in  units  of  10^  cm 
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A  simpler  approach  has  been  undertaken  by  Laux  and  von  Zahn  (  14)  who  introduced  an 
empirical  function  for  each  atmospheric  constituent  of  the  ESRO  4  model  [  4  |  . 

These  correction  functions  only  depend  on  the  geographic  latitude  and  longitude. 
Possible  universal  time  effects  are,  therefore,  ignored  and  the  temperature  is  not 
modified.  Fig.  9  gives  the  longitudinal  effect  at  500  km  on  the  total  density  in 
ESR04  for  the  same  solar  and  geomagnetic  activities  as  in  Figs  7  and  8.  It  should 
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Fig.  9  Geographic  distribution  of  longitudinal  effects  on  the  total  density  at 
500  km  in  ESRO  4.  F  =  F  =  150  Wra”2  Hz“* ,  =  4.  Compare  with  Figs.  7  and  8. 
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be  noted  that  the  coefficient,  for  N„  should  be  read  2.118  x  10  instead  of 
2.118  in  Table  1  given  by  Laux  and  von  Zahn  1  14) .  Furthermore,  the  so-called 
"covariant  latitude"  is  actually  the  colatitude  which  varies  from  0“  at  the 
North  pole  to  180°  at  the  South  pole.  The  longitudinal  effect  for  ESR04  (Fig.  9) 
is  completely  different  from  the  results  given  by  MSIS  (Figs  7  and  8).  This  is 
clearly  shown  in  Fig.  10  where  the  total  density  ratio  at  500  km  is  given  as  a 
function  of  longitude  at  ^  65°  latitude  for  ESR04  and  for  several  universal  times 
in  MSIS.  The  maximum  amplitude  is  of  the  order  of  +  10%  in  both  models  but  the 
phases  never  agree.  ESR04  can  predict  a  density  increase  when  MSIS  leads  to  a 
Fig.  10  Total  density  density  decrease.  It  is  difficult  to  reconcile  these  two 
pictures  unless  the  differences  are  entirely  attributed  to  universal  time 
effects  not  included  in  ESR04.  Although  longitudinal  variations  are  correlated 
to  the  configuration  of  the  geomagnetic  field,  it  appears  that  a  consistent 
global  representation  is  not  yet  entirely  available.  One  should,  however, 
realize  that  longitudinal/UT  variations  imply  modifications  of  the  order  of  a 
few  percent,  whereas  it  has  been  shown  that  differences  of  the  order  of  a  factor 
of  two  can  still  exist  between  total  densities  deduced  from  various  models. 

The  various  topics  discussed  in  the  present  paper  should  not  give  the  impression 


210 


C.  Kof karts 


of  a  poor  knowledge  of  the  thermospheric  structure.  In  1975,  Jacchia  28  wrote  : 
"the  variations  in  the  uppermost  parts  of  the  terrestrial  atmosphere  can  be 
much  better  accounted  for  than  can  the  weather  in  the  atmospheric  region  in  which 
we  live  !".  Such  a  statement  essentially  refers  to  the  total  density  and  the  re¬ 
cent  semi-empirical  models  significantly  contribute  to  the  way  this  total 


Fig.  10  Total  density  ratio  at  500  km  between  models  with  and  without  longitu- 
dinal/UT  effects  at  ^  65°  geographic  latitude.  MSIS  ratios  are  given  for  the 
same  universal  times  as  in  Figs.  7  and  6. 


density  is  built  up.  Important  discrepancies  still  exist  and  it  would  be  unwise 
to  declare  that  experimental  and  theoretical  research  in  the  terrestrial  upper 
atmosphere  has  reached  a  stage  of  development  in  which  no  fundamental  discovery 
can  be  made. 
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ABSTRACT 

A  study  was  made  of  the  variations  in  exospheric  temperature  in  the  disturbed 
thermosphere  as  a  function  of  geomagnetic  latitude  and  local  time  and  of  the  level 
of  disturbance.  Temperatures  were  derived  from  the  N2  densities  measured  by  the 
gas  analyzer  aboard  the  polar-orbiting  satellite  ESRO  4.  Results  indicated  two 
maxima  in  the  temperature  response  in  high  geomagnetic  latitudes  that  are  probably 
associated  with  particle  precipitation.  These  maxima  occur  near  the  poleward 
limit  of  the  auroral  belts,  at  about  9  and  0  hours  of  local  magnetic  time.  There 
is  also  evidence  of  the  effect  of  Joule  heating  due  to  the  auroral  electrojets  in 
the  morning  and  evening  auroral  belts.  Enhancement  of  the  temperature  response 
in  middle  latitudes  is  observed  throughout  the  night  side  and  in  a  region  centered 
in  the  late  afternoon. 

INTRODUCTION 

Two  earlier  papers  (Jacchia  et  al  [1,2])  introduced  a  working  model  of  the  changes 
in  temperature,  density,  and  composition  that  occur  in  the  disturbed  thermosphere. 
It  was  based  on  densities  of  Ar,  N2,  0,  and  He  measured  at  a  height  of  280  km  by 
the  ga»  analyzer  on  the  ESRO  4  satellite.  It  assumed  the  increase  in  the  local 
exospheric  temperature,  AqT,  to  be  a  longitudinally  symmetric  function  of  the 
magnetic  latitude  with  a  maximum  at  the  magnetic  poles  and  to  be  accompanied  by  a 
virtual  increase  in  the  height  of  the  homopause.  An  "equatorial  wave",  in  which 
the  composition  remains  undisturbed,  was  introduced  to  fit  the  density  variations 
observed  at  low  latitudes.  Subsequently,  a  perturbation  was  added  to  the  tempera¬ 
ture  profiles  in  the  lower  thermosphere  (Jacchia  [3])  in  order  to  match  densities 
observed  at  160  km  by  Philbrick  et  al  [4], 

That  relatively  simple  model  has  since  been  compared  with  constituent  densities 
from  a  number  of  other  gas  analyzer  experiments  and  has  stood  up  remarkably  well. 
However,  the  assumption  that  the  thermospheric  disturbance  is  longitudinally 
symmetric  in  magnetic  coordinates  is  an  obvious  limitation  to  both  the  predictive 
capability  of  the  model  and  to  the  insight  it  might  provide  regarding  the  physical 
processes  involved.  The  principal  energy  sources  in  the  disturbed  thermosphere 
are  thought  to  be  particle  precipitation  an^^  Joule  heating  by  ionospheric  current 
systems.  Both  are  expected  to  act  at  a  distance  from  the  magnetic  poles  and  to 
show  a  strong  dependence  on  magnetic  local  time.  Thus,  we  have  set  out  to  investi- 


2U 


.  . . .  .  .  _  _ lartj*. 

HOemMO  PA(X  BUIK-NOf  nucD 


r 


.1 . W .  SI <>wt‘y 


J  I  4 

gate  the  local  time  dependence  of  the  thermospheric  response  with  the  eventual 
objective  of  improving  the  existing  model.  Some  of  the  preliminary  results  of 
this  investigation  are  given  here. 

DATA  ANALYSIS 

We  have  again  utilized  the  280  km  data  from  ESRO  4.  These  data  cover  the  interval 
from  December  1972  to  April  1974  with  only  very  minor  interruptions  and,  since 
ESRO  4  was  in  a  nearly  polar  orbit,  provide  ample  coverage  in  high  latitudes. 

They  also  have  a  distinct  advantage  over  other  data  available  to  us  in  that  a 
"quiet  time"  nodel  has  been  specifically  fitted  to  them  (von  Zahn  et  al  [5]).  It 
thus  becomes  a  relatively  simple  matter  to  separate  the  geomagnetic  variation 
fi^om  the  various  other  thermospheric  variations. 

As  we  did  in  our  earlier  studies,  the  observed  N^  densities  were  used  to  derive 
values  of  the  exospheric  temperature.  This  was  done  in  this  case  by  inverse  inter 
polation  in  the  1977  Jacchia  model  (Jacchia  [3])  after  first  subtracting  out  the 
contribution  of  the  "equatorial  wave"  to  the  N2  density.  The  increase  aqT  in 
exospheric  temperature  due  to  a  geomagnetic  disturbance  was  then  obtained  by  sub¬ 
tracting  the  interpolated  temperature  corresponding  to  the  N^  density  for  K  '  =  0 
as  given  by  the  quiet  time  model  of  von  Zahn  et  al  [5]. 

In  our  existing  model  of  the  geomagnetic  variation,  a^T  is  given  by 
Aj-T  =  A  sin‘*J 

where  T  is  the  geomagnetic  latitude  and  the  amplitude  A  is  given  by 

A  =  57.5  K  '  [1  +  0.027  exp  (0.4  K  ')] 

P  p 

Here  Kp'  is  the  value  of  the  Kp  geomagnetic  index  for  a  time  t'  =  t  -  x,  where  the 
time  lag  x  is  given  by 

X  =  0.1  +  0.2  cos^f  (days) 

As  in  our  earlier  studies,  we  have  used  the  invariant  geomagnetic  latitude  through 
out  as  it  was  included  with  the  ESRO  4  data  and  seems  to  give  the  best  results. 

To  study  the  form  of  the  global  increase  in  exospheric  temperature,  the  values  of 
AqT  determined  from  the  observed  N?  densities  were  normalized  by  dividing  By  the 
corresponding  value  of  A  computed  from  the  equation  above.  The  normalized  values 
were  then  sorted  into  bins  according  to  invariant  latitude,  local  magnetic  time 
(LMT),  and  the  "lagged"  geomagnetic  index  Kp' .  The  dimensions  of  the  bins  that 
were  used  were  10“  in  invariant  latitude,  3n  in  LMT,  and  1  unit  in  Kp' .  Means 
were  formed  in  each  bin  and  values  that  departed  from  their  respective  mean  by 
more  than  3  times  the  RMS  deviation  were  rejected  and  the  means  were  then  re¬ 
computed.  The  data  points  that  were  rejected  amounted  to  only  about  1%  of  the 
total.  As  could  be  expected,  the  RMS  deviations  were  fairly  large  -  typically 
about  0.2.  The  total  number  of  data  points  corresponding  to  a  given  range  of  Kp' 
did,  of  course,  decrease  markedly  with  increasing  Kp' .  There  were  a  total  of 
almost  3000  data  points  in  the  range  3-4,  but  only  about  500  data  points  in  the 
range  5-6.  Data  for  which  Kp'  exceeded  6  were  too  few  in  number  to  be  of  use  in 
this  study.  All  of  the  data  were  grouped  together,  regardless  of  hemisphere  or 
season. 
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RESULTS 

Examination  of  the  means  reveals  the  form  of  the  global  temperature  increase  to  be 
rotationally  asymmetric  with  respect  to  local  time,  but  not  to  the  extent  that 
might  have  been  expected.  It  is  true  that  the  maximum  increase  does  not  occur  at 
the  magnetic  poles.  Instead,  there  are,  at  least  on  the  average,  two  maxima 
located  near  the  poleward  limit  of  the  auroral  oval.  The  largest  of  these  is 
centered  at  about  9*^  LMT  and  the  other  is  centered  at  about  Qh  LMT.  They  would 
seem  to  be  related  to  heating  resulting  from  particle  precipitation.  Their  place¬ 
ment  at  such  high  latitudes  and  at  nearly  opposite  local  times  produces  latitu¬ 
dinal  profiles  that  depart  far  less  from  our  existing  model  than  might  have  been 
expected. 

These  two  high-latitude  maxima  can  be  seen  in  Figure  1.  Here  we  have  plotted  the 
mean  values  of  the  normalized  temperature  increase  as  a  function  of  LMT  for  the 
bins  with  invariant  latitude  centered  at  75°.  The  values  for  two  separate  ranges 
of  Kp'  ,  3-4  and  4-5,  are  plotted,  primarily  to  show  the  consistency  of  the  data 
with^respect  to  these  features. 


Fig.  1  AqT/A  for  the  10  degree  latitude  bins  centered  at  75°  invariant 
latitude  plotted  as  a  function  of  LMT  for  two  ranges  of  the  Kp'  index. 

The  two  maxima  are  quite  clearly  seen  when  the  means  are  plotted  as  a  function  of 
latitude  for  different  values  of  the  local  time.  This  we  have  done  in  Figure  2, 
where  latitudinal  profiles  are  plotted  for  each  of  two  perpendicular  meridional 
planes  for  Kn'  in  the  range  3-4.  The  two  planes  were  chosen  so  as  to  pass  close 
to  the  two  high-latitude  maxima  on  the  one  hand  and  to  the  two  minima  on  the  other. 

No  variation  in  the  local  times  of  the  two  maxima  with  Kp'  could  be  discerned 
from  the  available  data.  There  is,  however,  an  indication  that  both  maxima  move 
toward  somewhat  lower  latitudes  within  the  auroral  oval  as  Kp'  increases.  As  a 
result,  the  temperature  profiles  seem  to  be  significantly  broadened  in  form  in 
high  latitudes  as  K  '  increases.  For  K  '  in  the  range  3-4,  as  can  be  seen  in 
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invariant  latitude  (d«g) 

Fig,  2  Latitudinal  profiles  of  if’  the  lo'?5/22t'5  and  4*?5/16*?5 

meridional  planes  for  Kp'  in  the  range  3-4, 

L. 

Figure.  2,  the  maximum  near  9^  LMT  occurs  at  a  latitude  of  about  80°,  while  that 
near  0^  LMT  occurs  at  a  latitude  of  about  75°,  These  latitudes  correspond  almost 
exactly  to  the  poleward  limits  of  the  auroral  oval  (Bond  and  Akasofu  [6])  at  their 
respective  local  times.  In  Figure  3,  we  have  replotted  the  profiles  in  the 
1065/22(15  meridional  plane  from  Figure  2  and  have  added  those  in  the  same  plane 


INVARIANT  LATITUDE  (dtg) 

Fig.  3  Latitudinal  profiles  of  AqT/A  in  the  10.5/22.5  meridional 
plane  for  three  different  ranges  of  Kp' . 
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derived  for  K-'  in  the  range  4-5  and  in  the  range  5-6.  As  can  be  seen,  both  high- 
latitude  maxima  appear  to  shift  towards  lower  latitudes  by  5  degrees  or  more  in 
going  from  the  lowest  to  the  highest  range  of  Kp' . 

Some  other  important  features  of  the  global  temperature  increase  have  been 
revealed  by  this  study.  Returning  to  Figure  2,  attention  is  called  to  the  very 
remarkable  decrease  in  the  slope  of  the  latitudinal  profile  for  4h5  LMT  equator- 
ward  of  75°  latitude.  An  appreciable  temperature  enhancement  apparently  occurs 
in  the  region  of  the  auroral  oval.  Similar  enhancements,  though  not  so  large, 
occur  in  the  profiles  for  IhS  and  7t}5  LMT.  This  can  be  seen  in  Figure  4,  where 


INVARIANT  latitude  (dsg) 

Fig.  4  Latitudinal  profiles  of  AqT/A  at  1*?5,  4*?5,  7*?5,  and  19*?5  LMT 
for  Kp'  in  the  range  3-4. 

we  have  plotted  these  three  profiles  for  Kp'  in  the  range  3-4,  together  with  the 
only  other  profile  that  shows  such  an  enhancement,  that  for  19l?5  LMT.  These 
enhancements  most  likely  occur  as  a  result  of  Joule  heating,  primarily  by  the 
westward  auroral  electrojet.  The  westward  electrojet  is  the  more  intense  of  the 
two  auroral  electrojets  and  has  two  peaks,  one  in  the  evening  sector  and  the  other 
in  the  night  (early  morning)  sector  (see,  for  example;  Kamide  and  Matsushita  [7]). 

The  mid-latitude  "wings"  seen  on  many  of  the  derived  profiles  are  consistent 
features  in  the  N2  data.  At  first,  we  thought  that  these  might  simply  be  the 
result  of  imperfections  in  one  or  more  terms  of  the  diurnal  variation  as  given  by 
the  ESRO  4  "quite  time"  model.  The  fact  that  these  features  appear  with  about 
the  same  relative  intensity  regardless  of  the  level  of  disturbance  argues  strongly 
against  this  interpretation,  however.  What  seems  to  be  indicated  is  a  persistent 
enhancement  of  the  N2  density  throughout  the  night  side  and  in  a  region  centered 
in  the  late  afternoon. 

Figure  5  shows  relative  isotherms  drawn  to  fit  the  means  of  AqT/A  derived  from  the 
N2  densities  for  Kp'  in  the  range  3-4.  The  plot  uses  magnetic  latitude  and  local 


.1 .  W .  SI  oUL-  y 


J  1« 


Fig,  5  Isotherms  of  the  mean  normalized  temperature  increase  derived 
from  N2  densities  for  Kp'  in  the  range  3-4. 

time  as  co-ordinates  and  covers  the  region  poleward  of  about  30°  latitude.  It 
illustrates  all  of  the  features  that  have  been  mentioned.  As  can  be  seen,  the 
response  at  high  latitudes  is  generally  much  greater  in  the  night  and  late- 
morning  sectors  than  it  is  elsewhere.  This  agrees  with  earlier  results  (Taeusch 
[8],  Prblss  and  von  Zahn  [9])  though  both  the  intensity  and  latitudinal  extent  of 
the  disturbance  in  the  late-morning  sector  are  somewhat  surprising.  The  strong 
maximum  in  this  sector  is  probably  the  same  day  side  heating  zone  detected  by 
earlier  analyses  of  the  ESR04  data  (Fricke  et  al  [10],  Raitt  et  al  [11])  and 
shown  to  move  towards  lower  latitudes  as  the  level  of  disturbance  increases.  It 
would  appear  to  be  associated  with  the  magnetospheric  cleft  region.  In  middle 
latitudes,  there  is  little  enhancement  in  the  late-morning  sector.  As  mentioned 
above,  however,  there  is  considerable  enhancement  throughout  the  night  side  and 
in  a  reyioii  (.entered  at  about  45°  in  the  late  afternoon.  Specific  instances  of 
mid-latitude  enhancement  of  N2  on  the  night  side  have  been  previously  reported  by 
Raitt  et  al  [11]  and  shown  to  be  closely  correlated  with  zones  of  high-energy 
electron  flux.  To  our  knowledge,  the  mid-latitude  feature  in  the  late  afternoon 
has  not  been  identified  previously. 

Studies  of  the  global  variations  of  the  other  constituents  measured  by  the  ESRO  4 
gas  analyzer,  similar  to  that  presented  here  for  N?,  are  in  progress.  These  will 
be  of  considerable  help  in  developing  a  clearer  picture  of  the  disturbed  thermo¬ 
sphere,  especially  in  those  aspects  that  may  be  related  to  dynamics. 


Models  ot  Geonugnelie  Effect  in  Earth's  Thermosphere 


219 


ACKNOWLEDGMENTS 

The  author  thanks  U.  von  Zahn  for  providing  the  results  of  the  ESRO  4  gas-analyzer 
experiment  and  for  his  helpful  suggestions.  This  work  was  supported  in  part  by 
contract  F19628-78-C-0126  with  the  U.S.  Air  Force. 

REFERENCES 

1.  L.  6.  Jacchia,  J.  W.  Slowey,  and  U.  von  Zahn,  J,  Geophys.  Res.  36  (1976). 

2.  L.  G.  Jacchia,  J.  W.  Slowey,  and  U.  von  Zahn,  J.  Geophys.  Res.  82,  684  (1977). 

3.  L.  G.  Jacchia,  Smithsonian  Astrophys.  Obs.  Spec.  Rpt.  No.  375,  rr977). 

4.  C.  R.  Philbrick,  J.  P.  Mclsaac,  and  G.  A.  Faucher,  Space  Research  XVII,  349 
(1977). 

5.  U.  von  Zahn,  W.  Kdhnlein,  K.  H.  Fricke,  U.  Laux,  H.  Trinks,  and  H.  Volland, 
Geophys.  Res.  Lett.  4,  33  (1977). 

6.  F.  R.  Bond  and  S.-I.  Akasofu,  Planet.  Space  Sci.  27,  541  (1979). 

7.  Y.  Kamide  and  S.  Matsushita,  J .  Geophys .  Res .^4 ,~?099  (1979). 

8.  D.  R.  Taeusch,  J.  Geophys.  Res.  82,  455  (1977). 

9.  G.  W.  Prdlss  and  U.  von  Zahn,  Space  Research  XVIII,  159  (1978). 

10.  K.  H.  Fricke,  H.  Trinks,  and  U.  von  Zahn,  EOS  Trans.  AGO  55,  370  (1974) 

(abstract) . 

11.  W.  J,  Raitt,  U.  von  Zahn,  and  P.  Christopherson,  J.  Geophys.  Res.  80,  2277 
(1975). 


02  7  3-1 1  7 7/H 1/040 1-022  I $03. 00/0 


Vol  .  1  ,  pp. 221-223. 

^  COSl’AR,  1481.  PriiUi'd  in  ('.rml  liriUiin. 


DENSITIES  FROM  THE  CACTUS 
ACCELEROMETER  AS  AN 
EXTERNAL  TEST  OF  THE 
VALIDITY  OF  THE 
THERMOSPHERIC  MODELS 

J.  L.  Falin,'  G.  Kockarts^  and  F.  Barlier’ 

'Centre  d’Etudes  et  de  Recherches  Giodynamiques  et 
Astronomiques,  Grasse,  France 

^Institut  d’Aeronomie  Spatiaie  de  Belgique,  Bruxelles,  Belgium 

ABSTRACT 

Total  density  data  were  obtained  from  the  accelerometer  CACTUS  on  board  of 
CAST0R-D5B  I975-39A.  Numerous  and  precise  data  were  obtained  between  250km  and 
bOOkm  altitude  in  the  equatorial  region  (±30°  latitude)  for  a  period  extending 
from  May  1975  (minimum  of  solar  activity)  to  February  1979  (already  important 
solar  activity).  Since  CACTUS  data  have  not  yet  been  used  for  the  construction 
of  empirical  thermospheric  models,  a  significant  part  of  the  data  file  is  compared 
with  several  thermospheric  models  in  order  to  provide  an  external  test  of  the 
reliability  of  such  models.  Standard  deviations  of  the  order  of  20Z  are  apparent. 
The  most  significant  differences  extend  over  a  few  weeks  and  cannot  be  represented 
by  the  geophysical  indices  as  they  are  presently  used  in  the  empirical  models. 

Such  an  experimental  fact  suggests  that  the  mathematical  and  physical  aspects  of 
the  empirical  models  should  be  refined  in  order  to  achieve  a  better  representation 
of  physical  reality. 

INTRODUCTION 

Several  three  dimensional  thermospheric  models  have  been  recently  developed  by 
using  satellite  drag  data,  mass  spectrometer  measurements,  optical  data  and  inco¬ 
herent  scatter  results  [l-b].  Although  these  empirical  models  represent  significant 
progress  in  the  representation  of  the  terrestrial  thermosphere,  a  systematic  compa¬ 
rison  [7]  has  shown  that  important  differences  are  present,  particularly  for 
extreme  geophysical  conditions. 

The  total  density  data  obtained  with  the  CACTUS  accelerometer  on  board  the  CASTOR- 
D5B  satellite  provide  an  excellent  means  to  test  the  validity  of  specific  models 
and  to  stress  the  most  important  deviations.  Data  are  obtained  between  250  and 
600km  altitude  with  an  accuracy  of  a  few  percent.  The  time  resolution  is  2.8s 
and  the  presently  available  data  cover  a  period  of  2.5  years.  The  present  analysis 
deals  with  systematic  variations  covering  periods  of  the  order  of  a  few  weeks. 

Very  short  fluctuations  of  the  order  of  a  few  seconds  have  already  been  analyzed 
[8 ]  as  well  as  problems  related  to  geomagnetic  activity  [9]. 

DATA  ANALYSIS  AND  GLOBAL  COMPARISON 

For  each  observed  density  p(CACTUS)  and  each  model  density  p(MODEL)  it  is  possible 
to  compute  a  correction  factor  f  =  p ( CACTUS ) /p (MODEL) .  Using  130,000  points  unifor- 
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miy  distributed  over  the  period  06/30/75  to  12/30/77  one  obtains  an  histogram  of 
the  decimal  logarithm  of  f  as  shown  in  Fig.l  for  three  models,  i.e.DTM  [s] 
(adjusted  model  in  order  to  take  into  account  the  under-estimation  of  high  geoma¬ 
gnetic  activity  effects  [z]),  MSIs[2-3]  and  J7I  [lO],  the  last  model  being  chosen 
since  it  has  been  widely  used  and  since  it  takes  much  less  computer  time  than  the 
most  recent  one  J77  [l] .  Although  CACTUS  data  have  not  been  used  in  the  construc¬ 
tion  of  the  empirical  models,  Fig.l  indicates  a  global  agreement  between  the  ob¬ 
served  total  densities  and  the  model  values  with  a  standard  deviation  of  the  order 
of  20%.  Such  an  external  test  is  satisfactory  but  it  gives  no  insight  into  any 
particular  phenomenon  which  is  not  represented  by  any  available  model.  Therefore, 
we  have  taken  advantage  of  the  fact  that  the  CACTUS  accelerometer  data  provide 
total  densities  between  perigee  at  250km  and  600km  altitude  along  each  ascending 
and  descending  part  of  every  orbit.  Between  600km  altitude  and  apogee  height 
(1200km)  radiation  pressure  effects  become  more  and  more  predominant.  Moreover, 
density  determinations  at  450km  correspond  to  a  local  time  difference  of  7  to  8 
hours  and  to  a  latitudinal  change  of  10°  to  20°  between  the  ascending  and  the 
descending  parts  of  a  specific  orbit. 


Number  of  points 


Fig.  1  -  Histogram  of  f  =  p(CACPJS) /p(M0DEL)for  three  models.  DTM(solid  line), 
MSIS  (dashed  line),  J7I  (dotted  line) 

As  a  consequence,  common  phenomena  observed  at  different  heights  during  one  orbit 
cannot  be  attributed  to  local  time  variations  or  to  latitudinal  variations.  The 
present  analysis  is  made  for  three  standard  altitudes,  i.e.  270km,  350km  and 
450km.  Observed  densities  along  each  orbit  are  reduced  to  a  standard  altitude  by 
using  a  vertical  model  successively  near  perigee  and  in  the  height  ranges  300km 
to  400km  and  400km  to  500km.  Fig. 2  shows  observed  total  densities  and  model  densi¬ 
ties  DTM  [5]  (for  the  perigee  height)  as  well  as  the  correction  factor 
f  =  p (CACTUS) /p (DTM)  as  a  function  of  time  from  MJD  42820  to  42970  (February  to 
July  1976),  i.e.  a  perio^^of  150  days.  The  geomagnetic  index  Kp  and  the  solar 
decimetric  flux  F  in  10“  Wm“  Hz“  are  also  indicated  as  well  as  the  latitude  and 
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the  loe.'jl  time  .it  perigee.  For  the  ;iltitu<les  350kni  ^)nil  450km  only  the  cor  r<M' t  i  on 
factor  f  is  shown.  However  a  distinction  is  made  between  ascending  (upleg)  and 
descending  (downleg)  parts  of  each  orbit  in  order  to  analyse  their  common  features. 
Since  the  orbital  period  of  CACTUS-D5B  is  of  the  order  of  100  min  a  specific  alti¬ 
tude  can  be  sampled  14  times  per  day  for  upleg  and  downleg  crossing.  It  ippears 
that  the  correction  factor  is  almost  constant  during  a  whole  day.  This  implies 
that  any  departure  of  f  from  unity  in  Fig. 2  is  neither  a  universal  time  nor  a 
longitudinal  effect. 

DETAILED  COMPARISON 

Although  the  histogram  of  the  correction  factors  f,  Fig.l,  resembles  a  gaussian 
curve,  these  factors  do  not  vary  randomly  on  a  time  scale  of  a  few  weeks.  They  are 
characterized  by  apparent  oscillations  with  a  recurrence  of  the  order  of  20  to  30 
days  corresponding  to  the  times  of  low  solar  activity.  Fig. 2.  The  minima  appear 
in  phase  with  the  minima  of  the  solar  flux  F  and  the  differences  of  the  factors 
f  are  greatest  for  the  solar  flux  minima.  This  general  aspect  is  found  when  other 
empirical  models  are  used,  such  as  J7I  and  MSIS.  The  amplitude  of  the  oscillations 
increases  with  height  and  this  fact  could  be  interpreted  as  a  temperature  effect. 
Minima  values  of  the  correction  factors  correspond  to  an  observed  total  density 
decrease  of  the  order  of  50%  with  respect  to  the  model  value  at  450km  altitude 
and  could  be  interpreted  in  terms  of  a  thermospheric  temperature  decrease  of  about 
50K.  In  the  model,  the  thermospheric  temperature  variation  AT(K)  related  to  the 
solar  activity  by  the  indicator  F(mean  of  F  over  three  months)  and  (F-F) ,  is  given 
by  :  i'.T  =  aF  +  b(F-F)  wi^th  2.7<a''3.6;  l.2<b<1.4.  During  low  solar  activity  F  is 
nearly  constant  and  (F-F)  is  less  than  10  units,  the  necessary  temperature  varia¬ 
tion  (50K)  could  not  be  represented  by  this  formula.  Very  different  values  of  the 
coefficients  a  and  b  should  be  used  for  solar  minimum  activity.  Howe.ver,  the  va¬ 
lues  above  are  satisfactory  for  medium  solar  activity  (for  example,  F  =  140). 

Other  solar  indicators  could  be  also  used  with  advantage. 

Another  period  of  150  days  following  the  period  of  Fig. 2  is  presented  in  Fig. 3 
and  corresponds  to  very  small  variation  of  solar  flux.  The  oscillations  of  the 
factors  f  are  smaller  and  in  several  cases  nonexistant.  This  is  also  the  way  that 
the  observed  oscillations  in  Fig. 2  are  related  to  the  variations  of  solar  flux. 

However,  all  features  cannot  be  explained  by  this  effect;  certainly  other  proces¬ 
ses  are  needed  to  interpret  the  behaviour  among  the  different  curves  in  Fig. 2  and 
Fig. 3,  such  as  diurnal  and  annual  variation,  geomagnetic  activity  or  other  pheno¬ 
mena.  Our  purpose  was  only  to  draw  attention  to  a  particular  point  related  to  the 
minimum  of  the  solar  activity  for  which  empirical  representation  must  be  revised. 
Another  purpose  is  also  to  emphasize  that  we  need  to  look  carefully  at  all  these 
different  features  before  ’"ev'sing  the  thermospheric  model. 
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VARIATIONS  OF  DENSITY  SCALE 
HEIGHT  BETWEEN  300  AND 
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ABSTRACT 

Density  data  from  the  French  CACTUS  accelerometer  are  used  to  de¬ 
termine  values  of  density  scale  height.  An  analysis  shows  a  diur¬ 
nal  effect  in  ‘he  variations  of  scale  height.  There  exists  a  cor¬ 
relation  between  geomagnetic  activity  and  variations  of  scale 
height.  Variations  of  the  gradient  of  scale  height  are  shown  and 
analysed, 

INTRODUCTION 

The  density  scale  height  ri  .  is  widely  used  in  cases  where  satel¬ 
lite  drag  data  are  analysed  to  obtain  atmospheric  densities.  There¬ 
fore  it  seems  to  be  useful  to  study  the  behaviour  of  this  scale 
height.  Using  the  method  described  in  [1]  we  determined  more  than 
4500  density  scale  height  profiles  in  the  300-400km  height  range. 
These  profiles  cover  a  1.5  year  interval  during  1975-76.  These  data 
allow  an  analysis  of  variations  of  scale  height  as  a  function  of 
time. 


RESULTS 

Our  analysis  proves  that  there  are  no  significant  differences  be¬ 
tween  the  curves  referring  to  different  altitudes  of  our  interval, 
so  it  is  sufficient  to  show  the  variations  at  one  altitude.  There¬ 
fore  we  present  a  general  survey,  using  smoothed  curves  correspond¬ 
ing  to  320km,  In  Figure  1  we  show  in  3  parts  the  observed  varia¬ 
tions  of  Hd  compared  with  those  given  by  CIRA  72  for  the  same  con¬ 
ditions.  The  agreement  between  the  values  given  by  the  model  and 
the  observed  data  is  surprisingly  good.  It  must  be  mentionned  that 
in  these  curves  we  omitted  the  points  referring  to  geomagnetically 
disturbed  days,  i.e,  all  cases  where  Kp^2.5.  As  a  result  one  can 
say  that  the  differences  with  respect  to  the  model  are  within  15- 
20%. 

Inspecting  the  curves  the  most  striking  feature  is  a  long-periodic 
variation  which  easily  can  be  recognized  as  a  diurnal  effect. 
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The  curves  show  3  large  maxima:  in  November  1975,  in  April  1976  and 
in  August  1976.  The  maximum  valus  of  Hd  are  50km  in  the  first  two 
cases  and  46km  in  the  last  one.  The  strong  undulation  of  the  "ob¬ 
served"  curve  makes  it  difficult  to  determine  the  exact  value  of 
the  maximum  to  minimum  ratio.  Accepting  the  extreme  values  of  the 


Fig.l  Variations  of  density  scale  height  at  320km 


curves  we  obtain  ratios  between  1,28  and  1.52,  These  values  are  a- 
bout  15DK  higher  than  the  corresponding  values  of  the  model.  The 
times  of  the  maxima  are  at  about  15-I7h  LT,  the  minima  appear  a- 
round  3-4h  LT. 

On  the  whole  we  can  establish  that  strong  undulation  is  a  charac¬ 
teristic  feature  of  the  observed  curves.  It  is  important  to  remark 
that  this  undulation  appears  simultaneously  at  all  altitudes,  with 
amplitudes  increasing  slightly  with  height,  dust  because  of  this 
simultaneity  is  it  very  conspicuous  that  from  time  to  time  we  have 
some  variations  of  Hd  appearing  at  higher  altitudes  with  a  time- 
lag,  However,  a  precise  analysis  revealed  that  this  is  an  apparent 
phenomenon  depending  on  the  orbital  conditions  of  the  measuring 
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te.  Considering  a  descending  transit,  i,e.  the  case  when  the 
te  approaches  perigee,  it  is  clear  that  with  decreasing  al- 
the  corresponding  local  time  increases.  As  a  consequence, 
ellite  crosses  a  point  at  380km  with  a  given  local  time  a- 
days  later  than  the  same  local  time  at  300km,  Thus  we  can 
sh  that  the  apparently  shifted  variations  of  the  scale  height 
t  the  same  local  time  at  all  altitudes  and  they  represent  an 
ting  feature  of  the  diurnal  effect.  Since  this  phenomenon 
on  each  curve  between  18-20h  LT,  it  can  be  considered  a 
effect. 
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behaviour  of  the  scale  height  it  is  interesting  to 
t  times  of  geomagnetic  storms  the  variations  of  scale 
correlation  with  those  of  the  geomagnetic  index  Kp, 
ion  between  Kp  and  Hd  is  usually  provable  when  during 
terms  Kp  becomes  larger  than  3, 


It  is  clear  that  the  density  scale  height  is  highly  variable  and 
therefore  it  is  useful  to  study  the  behaviour  of  its  gradient,  i.e. 

(3  =dH(j/dz,  Unfortunatelly,  we  have  no  analytical  expression  for 
the  temperature  distribution  with  height  in  the  thermosphere.  There¬ 
fore  the  gradient  p  must  be  computed  from  finite  differences  be¬ 
tween  scale  heights.  For  a  given  date  we  calculated  the  gradient 
beginning  at  altitude  300km  with  dz=20km  up  to  380km,  We  accepted 
the  mean  of  the  calculated  values  as  the  gradient  referring  to 
340km,  In  Figure  2  we  show  the  results  obtained  in  this  way. 
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ical  calculations  concerning  the  value  of  the  gradient  pre- 
r  our  conditions  a  mean  value  of  0,05-0.09  with  variations 
at  the  daytime  values  are  higher  than  those  for  night.  From 
2  one  can  establish  that  the  situation  is  more  complicated 
is.  The  predicted  mean  value  [2']  is  in  good  agreement  with 
erved  ones,  but  the  diurnal  variation  cannot  be  represented 
mple  sine  wave.  As  we  can  see,  between  l7-21h  LT  we  have  al- 
maximum.  The  absolute  minima  of  the  curve  appear  between 
LT.  This  variation  is  opposite  that  expected.  It  is  an  in- 
ng  fact  that  there  appear  secondary  maxima  at  about  3-4h  LT. 

CONCLUSION 

lysis  reveals  that  the  density  scale  height  undergoes  impor- 
riations.  The  most  striking  variation  we  recognized  as  a  di- 
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It  is  important  to  distinguish  between  the  pressure  scale  height  H- 
and  the  density  scale  height  Hd.  Neverthelec  s,  in  the  examined  timfe 
interval  and  height  range  Hd  was  almost  identical  with  Hp,  their 
ratio  was  always  between  1.05  and  1.11.  As  a  consequence,  on  the 
basis  of  simple  theoretical  assumptions  Hd  can  easily  be  transfor¬ 
med  into  Hp  with  an  error  less  than  2-3%,  This  is  important,  be¬ 
cause  the  variations  of  Hp  reflect  those  of  the  T/M-ratio.  But  .un¬ 
der  the  given  conditions  the  temperature  variations  are  always  sig¬ 
nificantly  larger  than  those  of  the  mean  molecular  mass.  As  an  ex¬ 
ample, we  take  data  from  CIRA  72,  At  an  altitude  of  350km  we  have 
the  following  parameters:  at  a  temperature  of  T=  700K  we  have  a 
mean  molecular  mass  M=  15,53  and  a  scale  height  Hd=  40,27,  At 
T=  BOOK  the  corresponding  parameters  are  M=  15,96  and  Hd=  45.03, 

As  we  can  see,  the  variation  of  the  molecular  mass  is  very  small, 
only  0,43,  meanwhile  the  temperature  varies  lOOK,  At  the  same  time 
the  T/M-ratio  varies  from  45.07  to  50.13,  their  difference  5.06  be¬ 
ing  almost  the  same  value  as  the  variation  of  the  scale  height  4.76. 
Therefore,  we  can  accept  that  the  variations  of  the  density  scale 
height  can  be  used  to  analyse  the  relative  temperature  variations 
in  the  thermosphere,  if  we  transform  them  into  pressure  scale 
heights.  Of  course,  if  we  wish  absolute  temperature  variations  in¬ 
stead  of  relative  ones,  it  is  necessary  to  take  into  account  the 
variations  of  the  mean  molecular  mass,  on  the  basis  of  a  model. 
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ABSTRACT 

During  the  last  solar  activity  minimum,  a  great  deal  of  very  precise  total  density 
data  was  obtained  in  the  equatorial  regions  from  the  CACTUS  accelerometer  experi¬ 
ment.  Due  to  the  eccentricity  of  the  orbit,  it  is  also  possible  to  determine  a 
density  scale  height  by  considering  th-7t  the  density  profiles  between  the  perigee 
(270  km)  and  400  km  are  quasi-vertical.  Densities  and  density  scale  heights  are 
analysed  during  magnetic  storms  and  their  variations  are  compared  with  their  beha¬ 
viour  during  quiet  periods.  For  densities  as  well  as  for  scale  heights,  an  asymme¬ 
trical  structure  in  latitude  and  longitude  is  exhibited  with  respect  to  the  magnetic 
equator.  Their  values  are  relatively  higher  in  the  northern  hemisphere  than  in  the 
southern  one.  The  hypothesis  (previously  suggested)  of  a  greater  energy  input  in 
the  southern  hemisphere  inducing  asymmetrical  winds,  explains  the  results  well. 

INTRODUCTION 

Total  density  data  from  the  CACTUS  accelerometer  experiment  [l]  have  been  gathered 
in  the  equatorial  regions  during  the  last  minimum  of  solar  activity.  The  time  reso¬ 
lution  is  one  measurement  each  2.68  seconds,  the  relative  accuracy  of  the  data  (a 
few  per  cent)  was  estimated  by  Villain  [2)  .  Such  characteristics  permit  a  precise 
study  of  the  reaction  of  the  thermosphere  to  geomagnetic  activity.  In  this  study, 
the  data  cover  2.5  years  (June  1975-December  1977)  and  the  altitude  range  270  km  - 
600  km. 


TOTAL  DENSITY  VARIATIONS 

In  Figure  1,  an  example  is  given  where  fine  structures  are  evidenced,  in  particular, 
Ihe  sharp  increase  and  relaxation  time.  This  complex  physical  behaviour  is  not  taken 
into  account  by  the  classical  formulae  of  models. 
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Fig.  1  Correlation  between  total  density  variations  and  geomagnetic 
activity  from  CACTUS  data  and  the  Jacchia  1971  model  (altitude  of  300  km) 

However,  such  pure  events  are  not  numerous  (about  fifteen).  So  that,  in  order  to 
use  a  maximum  amount  of  data,  all  densities  were  associated  with  the  geomagnetic 
planetary  index  Kp  shifted  in  time  by  6  hours  and  then  statistically  analysed.  Our 
purpose  is  to  observe  if  the  magnetic  storm  structure  of  the  thermosphere  presents 
some  asymmetries  between  the  two  hemispheres.  Therefore,  we  have  choosen  as  the 
reference  model  the  J71  model  [3|  which  gives  a  symmetrical  reaction.  Asymmetrical 
features  have  already  been  mentioned  during  quiet  geomagnetic  conditions  for  the 
December  solstice  l4,  5  I  and  also  during  disturbed  periods  l6,  7)  . 

Three  geomagnetic  situations  have  been  considered  : 

-  high  activity  Kp  >  5  subdivided  into  two  groups,  5  <  Kp  <6  and  Kp  >  6. 

-  medium  activity  4  <  Kp  <  5. 

-  small  activity  Kp  <  3. 

Three  latitudinal  zones  have  been  defined  :  zone  20°N  (30°N  to  10°N),  zone  0° 

(10°N  to  10°S),  zone  20^5  (10°S  to  30°S).  We  compute  the  ratio  f  =  Pc3ctus/Pj71 
and  then  take  the  mean  values  of  the  factors  f  for  each  geomagnetic  situation  ind 
for  each  zone  by  using  data  in  the  altitude  range  270  km  -400  km  (Table  la)  and 
400  km  -  600  km  (Table  lb).  N  is  the  number  of  data  considered. 

For  Kp  <  3  the  f  values  are  close  to  1,  but  for  Kp  >  4  the  f  values  are  lower. 
They  are  the  lowest  in  Table  lb,  corresponding  to  higher  altitudes.  This  fact 
means  that  the  predicted  temperature  is  overestimated  when  Kp  is  increasing.  We 
ignore  this  fact  here  where  we  consider  only  the  relative  variations  of  the  factor 
f  in  term  of  different  parameters. 


Asymmetrical  Structure  in  the  Thermosphere 
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An  asymmetrical  behaviour  between  the  two  hemispheres  appears  progressively  while 
the  geomagnetic  activity  is  increasing.  It  is  of  the  same  order  of  magnitude  for 
both  altitude  zones  considered. 


TABLES  la  ,  lb  Mean  Values  of  the  f  =  •^cactus^'^J?!  ®  Function 

of  Latitude  and  Geomagnetic  Activity  for  Two  Zones  of  Altitude 
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A  finer  analysis  can  be  attempted  by  drawing  geographical  maps  using  all  the  data 
(Figure  2).  Asymmetries  are  not  seen  for  K  <  3,  but  develop  while  the  geomagnetic 
activity  is  increasing.  They  are  characterized  by  density  gradients  between  the 
northern  and  southern  hemisphere  and  by  longitudinal  maxima.  If  we  consider  only 
data  covering  the  solstice  period  (+  45  days  around  the  solstice  day)  such  asymme¬ 
tries  are  emphasized  for  the  December  solstice  (Figure  3).  They  exist  even  for 
K  <  3  but  they  are  less  important  than  for  Kp  >  5.  During  the  June  solstice  no 
significant  structure  appears  for  K  <  3,  unfortunately  there  are  not  enough  data 
for  Kp  >  5.  P 

DENSITY  SCALE  HEIGHT  VARIATIONS 

Table  2  Mean  Values  of  the  f  =  ^cactus^^JZl  ®  Function  of 

Latitude  and  Geomagnetic  Activity  for  the  Altitude  of  32D  km 


'*'P 

<  3 

4  < 

5 

5  < 

6 

Kp  >6 

mean 
lati  tude 

20°S 

0" 

20°N 

20°S 

0° 

20°N 

20  °S 

0° 

20°N 

20°S  0° 

20°N 

N 

3084 

1777 

3177 

341 

172 

319 

100 

27 

78 

24  15 

70 

f 

0.98 

0.99 

0.98 

0.93 

0.93 

0.95 

0.90 

0.97 

0.94 

0.88  0.93 

0.94 

Thanks  to  the  high  eccentricity  of  the  trajectory  (mean  value  in  1976  :  0.063) 
quasi-vertical  profiles  of  total  density  can  be  obtained.  By  using  the  exponential 
decrease  law  and  data  at  310  km  and  330  km  altitude  density  scale  heights  (Hcactus) 
assigned  to  the  altitude  of  320  km  can  be  determined.  These  determinations  are 
processed  in  the  same  way  as  the  density  data.  The  results  are  given  in  Table  2. 
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The  increase  of  asymmetry  with  geomagnetic  activity  appears  here  also,  but  the 
relative  variations  are  smaller  than  that  observed  for  total  densities. 

INTERPRETATION  AND  CONCLUSION 

Asymmetries  between  the  hemispheres  are  developing  with  geomagnetic  activity  for 
two  altitude  zones  (270  km  to  400  km  and  400  km  to  600  km)  :  the  relative  increase 
of  total  density  is  higher  in  the  northern  part  and  does  not  depend  on  altitude. 

For  the  present  solar  conditions,  atomic  oxygen  (0|  represents  almost  completely 
the  total  mass  density.  As  the  relative  differences  between  the  two  hemispheres 
are  not  increasing  with  altitude  these  asymmetries  cannot  be  explained,  in  a  first 
approximation,  in  terms  of  asymmetries  in  the  thermopause  temperature  but  more 
likely  in  terms  of  density  variations  in  the  lower  thermosphere.  Asymmetries  in 
circulation  processes  can  induce  such  variations  because  in  the  lower  thermosphere 
l0|  is  very  sensitive  to  circulation  ;  the  lighter  components  are  accumulated  in 
the  regions  of  minimum  pressure  (cold  regions)  18]  .As  asymmetries  are  increasing 
with  Kp  an  asymmetrical  heating  linked  with  geomagnetic  activity  in  the  auroral 
regions  appears  as  a  possible  hypothesis  ;  it  could  generate  an  asymmetrical  tran- 
sequatorial  wind.  Such  an  hypothesis  was  already  proposed  by  Mayr  and  Trinks  l6l 
to  interpret,  for  some  longitudes,  ESRO'4  data.  In  addition,  it  is  possible  to 
explain  with  this  hypothesis  the  asymmetries  observed  in  December  even  for  quiet 
geomagnetic  conditions.  Indeed,  at  this  time  there  is  a  normal  circulation  froni 
the  southern  hemisphere  (warm  hemisphere)  to  the  northern  hemisphere  (cold  hemis¬ 
phere)  and  the  permanent  heating  in  the  auroral  regions,  stronger  in  the  southern 
part,  reinforces  the  normal  circulation  process. 

It  also  possible  to  explain  by  circulation  processes  the  asymmetry  in  the  density 
scale  height  determinations  (H),  (Table  2).  Two  factors  can  play  a  role  for  modi¬ 
fying  the  H  parameter  :  temperature  and  mean  molecular  mass.  Because  the  variations 
of  temperature  linked  with  Kp  are  small  in  the  equatorial  regions  I  9,  10 1  the 
effect  of  mean  molecular  mass  variations  is  predominant  .  If  there  is  a  relative 
enhancement  of  atomic  oxygen  in  the  northern  hemisphere  a  relative  increase  of 
scale  height  must  be  detected  in  this  hemisphere,  as  observed. 

In  conclusion,  asymmetrical  circulation  processes  due  to  asymmetrical  heating 
mechanisms  are  a  plausible  hypothesis  in  order  to  explain  the  observed  total  den¬ 
sity  and  scale  height  variations  with  geomagnetic  activity. 
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Certain  information  given  in  Volume  1,  Numbers  1  and  2  of  Advancex  in  Space  Research  has  been 
printed  erroneously,  and  attention  is  drawn  to  the  following  corrections.  The  Publishers  regret  any 
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In  the  inside  front  cover,  in  the  address  of  Professor  J.  F.  Denisse,  Chairman  of  the  Editorial  Board, 
the  name  of  'he  street  is  misspelt,  and  should  read  61  rue  Dutot,  not  Dudot.  Of  the  Editorial  Board 
Members,  Professor  S.  A.  Browhill  should  read  Professor  S.  A.  Bowhill;  Professor  W.  R.  Holm- 
quist  should  read  Dr.  W.  R.  Holmquist;  and  Professor  C.  de  Jaeger  should  read  Professor  C.  dc 
Jager. 

On  the  second  preliminary  page,  under  “Sponsors",  the  order  of  the  organizations  is  given  incor¬ 
rectly.  The  Committee  on  Space  Research  (COSPAR)  is  the  principal  sponsor  in  each  case;  the  other 
sponsors  are  given  correctly,  with  the  Hungarian  Academy  of  Sciences  being  collaborator  for  the 
whole  COSPAR  Twenty-third  Plenary  Meeting. 

Also  on  the  second  preliminary  page,  it  should  be  noted  that  K.  Knott  of  ESA,  The  Netherlands,  for 
Volume  I,  Number  1,  and  C.  T.  Russell  of  COSPAR,  USA,  for  Volume  I,  Number  2,  are  the 
Chairmen  of  the  respective  Symposium  Program  Committees. 
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